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ABSTRACT 
VIRUS REMOVAL BY CHEMICAL COAGULATION 
Using bacterial viruses (~acteriophages T4 and MS2 against Escherichia 
coli) as models and aluminum as the coagulant metal ion, it was shown 
-
that removal of viruses from water by chemical coagulation and floccu- 
lation with aluminum sulfate consists of a primary reaction step which 
possibly results in the formation of coordination complexes between 
aluminum and carboxyl groups on the virus coat protein. The complexed 
viruses were not inactivated and active viruses could be recovered from 
the settled floc following their removal from water by coagulation and 
flocculation. 
The process of chemical coagulation and flocculation was found quite 
effective in removing bacteriophages T4 and MS2 from water. The opti- 
mum coagulant dosages and pH values were 40 to 50 mg/l of aluminum sul- 
fate at pH 5.24 for bacteriophage ~4 and at pH 6.0 for bacteriophage 
MS2. The highest removals attained were 98.0 and 99.9 percent, respec- 
tivel$. Presence of bivalent cations 1 ike calcium and magnesium up to 
a concentration of 50 mg/l each did not interfere with the efficiency 
of the process. Organic matter like albumins, wastewater and waste- 
water effluent lowered the removal efficiency significantly. Conmer- 
c-ially available cationic pqlyelectrolytes were found effective both as 
coagulant aids and as prime coagulants. 
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1 . INTRODUCTION 
The need o f  processes f o r  t h e  removal o r  i n a c t i v a t i o n  o f  water -  
borne v i r u s e s  has been demonstrated beyond ques t i on  by v i r u s  t r ansm iss i on  
i n  d r i n k i n g  wate r  and p o l l u t e d  streams. Because o f  t h e  decrease i n  t h e  
a v a i l a b l e  water  supp l ies ,  t he  p o t e n t i a l  h e a l t h  hazard o f  v i r a l  p o l l u t i o n  
i s  inc reas ing ,  and more knowledge on t h e  s u r v i v a l  and removal o f  v i r u s e s  
i n  water  and wastewater t reatment  processes i s  needed. 
V i ruses  have been demonstrated t o  be t h e  causa t i ve  agents o f  a  
wide v a r i e t y  o f  d iseases. Po l i o ,  Coxsackie, I n f e c t i o u s  H e p a t i t i s ,  Echo, 
and Adenoviruses have a l l  been demonstrated i n  t h e  feces o f  i n f e c t e d  
humans (C la rke  -- e t  a1 ., 1964). O f  g r e a t e r  s i g n i f i c a n c e  i s  t h e  f a c t  t h a t  
a  g r e a t  many o f  these v i r u s e s  may be found i n  wastewater t reatment  p l a n t  
e f  f 1 uents  (Kel l y  and Sanderson, 1959). E n t e r i c  v i r u s e s  have been found 
i n  raw wastewater and t reatment  p l a n t  e f f l u e n t s  by a  number o f  i n v e s t i -  
g a t o r s  (Paul, Trask and Gard, 1940; Paul and Trask,  1942; C la rke  -- e t  a1 ., 
1951; K e l l y ,  Winsser and Winke ls te in ,  1957; Mack -- e t  a l . ,  1958; Car lson, 
Ridenour and McKhann, 1943; and Bancrof  t ,  Engel ha rd  and Evans, 1957) . 
The presence o f  these organisms i n  water  supp l ies ,  then, i s  c e r t a i n l y  
poss ib l e .  A l though  water  i s  f a r  f rom be ing  an i d e a l  medium f o r  sus ta i n -  
i n g  v i r uses ,  they can e x i s t  i n  i t  f o r  s u b s t a n t i a l  pe r i ods  o f  t ime.  I n  
Pa r i s ,  France, more than s i x  v i r u s  i s o l a t i o n s  have been made f rom tap  
wate r  i n  a t  l e a s t  f o u r  d i f f e r e n t  sec t i ons  o f  t h e  c i t y  (Berg, 1964). 
Water has been suspected as be ing  t he  mode o f  t ransmiss ion  i n  outbreaks 
o f  severa l  v i r u s  diseases. A t  l e a s t  f o u r  epidemics p l u s  numerous l esse r  
,outbreaks o f  v i  ra  1 d iseases have been a t t r i b u t e d  t o  water-borne v i  ruses 
(Bancrof  t, Engel hard and Evans, 1957; Dennis, 1959; Hayward, 1946; 
L i t t l e ,  1954; and S tand ly  and E l  iassen, 1960). Hudson (1962), i n  a t tempt -  
i n g  t o  c o r r e l a t e  d r i n k i n g  water  q u a l i t y  w i t h  t h e  inc idence  o f  i n f e c t i o u s  
h e p a t i t i s ,  found t h a t  a  water  supply t h a t  met a l l  e x i s t i n g  standards 
cou ld  s t i l l  t r a n s m i t  these diseases. T h i s  would i n d i c a t e  t h a t  a  s p e c i f i c  
v i r u s  q u a l i t y  c o n t r o l  o r  s tandard should  be e s t a b l i s h e d  f o r  d r i n k i n g  wa te r '  
supp l i es  (Hartung, 1961). Before t h i s  can l o g i c a l l y  be accomplished, 
more knowledge should be gained on t he  e f f e c t i v e n e s s  o f  p r e s e n t l y  used 
water  and wastewater t reatment  methods f o r  t h e  removal o f  v i r u s e s  and 
t he  ep idemio logy o f  water-borne v i r a l  d iseases. 
A l though t he  process o f  chemical coagu la t i on  and f l o c c u l a t i o n  
has been used f o r  many years i n  t he  t reatment  o f  water  supp l ies ,  l i t t l e  
i s  known o f  t he  bas i c  physico-chemical  p r i n c i p l e s  i nvo l ved  i n  t he  re -  
moval o f  dead, as w e l l  as l i v i n g ,  o rgan ic  ma t t e r  f rom t h e  t r e a t e d  wate r .  
Chemical coagu la t i on  and f l o c c u l a t i o n  i s  a p p l i e d  i n  va r i ous  forms i n  a  
modern water  t reatment  p l a n t . t o  produce a sa fe  and po tab le  water .  How- 
ever ,  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  about the  bas ic  mechanisms and 
k i n e t i c s  i n v o l v e d  i n  t he  removal o f  v i r u s e s  by t h i s  u n i t  process. V i r u s  
removals ranging f rom 25 t o  99 percent  have been cepor ted by d i f f e r e n t  
workers  (Senn -- e t  a l . ,  1961). Understanding t h e  mechanism by which v i -  
ruses, which behave as t y p i c a l  p r o t e i n s  i n  water ,  a r e  removed f rom water  
by t h e  process of chemical coagu la t i on  and f l o c c u l a t i o n  i s  impor tan t  i n  
o p t i m i z i n g  i t s  use. 
o f  v i r u s  p a r t i c l e s  (bacter iophage ~ 2 )  adsorbed on c l a y  p a r t i c l e s  when 
aluminum s a l t  was present  i n  t h e  system i ns tead  o f  ca lc ium o r  sodium 
s a l t s .  However, no a t tempt  was made t o  r e a c t i v a t e  t he  v i r u s  p a r t i c l e s  
o r  t o  assess t h e  t o x i c  e f f e c t  o f  t h e  aluminum on t h e  v i r u s  o r  t h e  e f f e c t  
o f  aluminum on t he  su r f ace  charge o f  t h e  v i r u s .  
Other metal  i ons  may have an impor tan t  r o l e  i n  t h e  removal o f  
v i r u s e s  by coagu la t i on  and f l o c c u l a t i o n ,  e.g. i n  s low ing  down t h e  r a t e  
o f  a luminum-virus complex fo rmat ion .  I n t e r f e r i n g  e f f e c t s  o f  ca lc ium 
and magnesium were n o t i c e d  by Chang e t  a1 . (1958b) d u r i n g  v i r u s  removal 
by two-stage f l o c c u l a t i o n  w i t h  Ohio R i ve r  wa te r .  They be l i eved  t h a t  
t h e  presence o f  ca lc ium and magnesium i ons  i n  t h e  raw water  and t h e  ad- 
d i t i o n  o f  CaO i n  t h e  second s tage i n t e r f e r e d  w i t h  t h e  f o rma t i on  o f  t h e  
coagu lan t - ca t i on  b a c t e r i a l - v i r u s  complex. 
L i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  regard ing  t h e  i n f l u e n c e  o f  
o rgan i c  m a t t e r  on t h e  removal of v i r u s e s  by f l o c c u l a t i o n .  Using alum 
and a r t i f i c i a l l y  contaminated r i v e r  water  w i t h  coxsack ie  v i r u s ,  Frankova, 
Cervenka and Symon ( 1  964) ob ta ined  h i ghes t  removal o f  i n f e c t i v i t y  when 
t h e  v i r u s  was added i n  t h e  form o f  a  suspension o f  i n f e c t e d  mouse b r a i n  
and found t h a t  t h e  optimum amount o f  alum f o r  t he  removal o f  t h e  v i r u s  
was dependent on t he  concen t ra t i on  o f  o rgan i c  ma t t e r  i n  t h e  water .  How- 
ever ,  Car lson e t  a l .  (1968) observed cons iderab le  r educ t i on  i n  percent  
v i r u s  (bacter iophage T  and type  1 p o l i o v i r u s )  i n a c t i v a t i o n  by c l a y s  
( ~ l l i t e ,  ~ o n t m o r i l l o n i z e  and K a o l i n i t e  i n  presence o f  sodium c h l o r i d e  
o r  ca lc ium c h l o r i d e )  when a lbumin o r  wastewater was p resen t  i n  t h e  sys- 
tem. T h i s  was shown t o  be due t o  compe t i t i on  w i t h  v i r u s  f o r  t he  adsorp- 
t i o n  s i t e s  on t he  c l a y .  
I n  connec t ion  w i t h  t h e i r  s t u d i e s  on t he  movement o f  v i r u s e s  
i n  ground water ,  E l i assen  e t  a l .  (1966) observed t h e  e f f e c t s  o f  s y n t h e t i c  
p o l y e l e c t r o l y t e s  on v i r u s  removal by alum f l o c c u l a t i o n .  V i r u s  removal 
was improved by the  a d d i t i o n  o f  v a r y i n g  concen t ra t i ons  o f  p o l y e l e c t r o l y t e s .  
O f  t h e  t h r e e  spec ies o f  p o l y e l e c t r o l y t e s  tes ted ,  the  r e s u l t s  i n d i c a t e d  
t h a t  f o r  s i m i l a r  dosages t h e  c a t i o n i c  p o l y e l e c t r o l y t e  was approx imate ly  
two o rde rs  o f  magnitude more e f f e c t i v e  than  t he  a n i o n i c  and n e u t r a l  p o l y -  
e l e c t r o l y t e s .  L i t t l e  v i r u s  removal was accomplished when t h e  sand phase 
was absent i n  t h e i r  j a r  t e s t s .  Presumably s t i r r i n g  and s e t t l i n g  cond i -  
t i o n s  were no t  s u f f i c i e n t  f o r  t h e  f l o c  t o  s e t t l e  i n  t h e  absence o f  t h e  
s o r p t i o n  e f f e c t  o f  sand. 
Q u i t e  c o n t r a d i c t o r y  observa t ions  have been repo r t ed  regard ing  
t h e  e f f e c t  o f  pH on coxsack ie  and b a c t e r i a l  v i r u s  removal. Chang, Isaac 
and Baine (1953) found pH 5.5 t o  be t he  optimum and ob ta ined  very  low re-  
moval a t  pH 7.0. I n  a  l a t e r .  paper lower removal was observed a t  pH 5.0 
(Chang e t  a1 . , 1958a). Q u i t e  d i f f e r e n t  r e s u l t s  were ob ta ined  w i t h  b i c a r -  
bonate and phosphate b u f f e r s .  Research conducted a t  K ings  Co l lege  i n  
England (1966) repor ted  99 percent  removal o f  bacter iophage w i t h  60 ppm 
o f  f e r r i c  c h l o r i d e  a t  pH 6.5. 
The present work was undertaken in order to delineate the 
basic mechanisms involved in the removal of viruses by chemical coagu- 
lation. Studies were also conducted to investigate the quantitative 
and practical aspects of the process. Various parameters, believed to 
affect the process, were evaluated. It is believed that the informa- 
tion obtained from this investigation, though it may not be quantita- 
tively applicable to a particular water treatment plant, will contrib- 
ute fundamental knowledge regarding the removal of viruses from water 
by chemical coagulation and flocculation and the various environmental 
parameters affecting the process. 
2. LITERATURE REVIEW 
A. Removal of Viruses by Coagulation and Flocculation 
I 
I The information on the removal of viruses in water by 
coagulation and flocculation is extremely sketchy and nonquantitative. 
This is mainly due to the lack of accurate quantitative assay techniques 
I for animal viruses and a reliable method for concentrating water samples 
containing viruses. Many investigators have used bacterial viruses as 
models for studying this problem. When animal viruses were used, bio- 
I logical assays involving laboratory animals were employed instead of 
quantitative tissue culture technique. Furthermore, it is difficult 
to correlate the observations of different workers due to the fact that 
coagulation and flocculation conditions were different. In most of the 
I studies undertaken in this area, attempts were made to arrive at quanti- 
tative values like percent virus removal, relationships between virus 
removal and alum dosage, and settling time, etc. None of these studies 
1 was directed toward an understanding of the basic physico-chemical pro- 
cesses involved. 
Using the virus of the mouse-adapted strain of human polio- 
myelitis, Carlson, Ridenour and McKhann (1942) found that flocculation 
using alum (100 ppm) did not render the water noninfective for mice, 
and that a rapid sand filter heavily impregnated with alum was some- 
what more effective in removing the virus than the former process. 
Using both alum flocculation and filtration on water containing the 
virus of a monkey-adapted strain of human poliomyelitis, Kempf -- et al.
(1942) freed the supernatant of the virus in two experiments and freed 
the effluent (sedimented and filtered) of the virus in one, out of the 
three experiments. Only by greatly increasing the alum dosage were 
they able to remove all the viruses. Since the data were measured by 
a biological assay involving the infecting of monkeys, there is some 
doubt that 100 percent removal was achieved even then. These authors 
also centrifuged their flocculated water and claimed that the super- 
natant could be freed of the virus if a floc sediment of 1.5 mg/l (in 
a Hopkins tube) was obtained with water flocculated at a dosage of 8 
grains/gal of alum; but the virus in the floc sediment was not de- 
stroyed. They could recover virus activity in the resuspended sedi- 
ment when none was present in the supernatant. Working with the virus 
of infectious hepatitis, Neefe et al. (1947) found that alum flocculation 
and filtration through a diatomaceous earth filter did not completely 
remove the infective agent from the treated water. Forty percent of the 
human volunteers developed the disease after ingesting the treated water. 
The basic mechanism involved in the removal of viruses by floc- 
culation has been thought to be the formation of a metal cation (coagulant)- 
protein (virus) complex fol lowed by precipitation and flocculation (Chang 
et al., 1958b; Chang, Isaac and Baine, 1953; Felix, 1965; and Kabler et a1 ., 
-- -- 
1963). This hypothesis seems quite reasonable from the chemical aspects 
of coagulation. Stumm and Morgan (1962) observed: 
"The physical or double-layer theory has been developed 
in great detail and has, in its various forms of simpli- 
fication, found wide acceptance . . . This theory has 
virtually replaced and superseded the older chemical 
theory. These two coagulation theories are not, however, 
as mutually exclusive as they might appear to be on first 
sight, and it is important to call attention to the fact 
that purely chemical factors must be considered in addi- 
tion to the theory of the double layer in order to ex- 
plain, in a more quantitative way, the dependence of the 
stability of colloids upon the chemical composition of 
the medium . . . Occasionally, specific chemical equi- 
libria, such as complex formation, may be more important 
than double layer compaction through counter-ion adsorp- 
tion . . . Complex formation reactions between aluminum 
or iron coagulant metal ions and carboxylic, phosphate, 
sulfate, or aromatic hydroxyl functional groups are im- 
portant in the destabilization of such naturally occur- 
ring colloidal or dissolved impurities as color, proteins, 
and carbohydrate materials. The marked difference in the 
response of carboxyl, sulfate and phosphate colloids to 
coagulation by metal ions is indicative of specific chem- 
ical interactions." 
By extrapolating the interactions of proteins and salts of 
metals to that of virus protein and aluminum, Chang, Isaac, and Baine 
(1953) first postulated the aluminum-virus complex formation. Later, 
they showed the importance of this complex formation as the first stage 
in the removal mechanism by using Gum Arabic, a substance which inter- 
feres with flocculation (Chang -- et al., 1958b). Gummy substances form 
a protective coating on charged particles and are well known for their 
stabilizing effect on emulsions. Viruses are not destroyed as a result 
of the complex formation as was evidenced by the recovery of viruses 
from the floc fraction  hang, Isaac, and Baine, 1953; and Gilereas and 
Kell y, 1955). 
Chang, Isaac and Baine (1953) using bacterial virus showed 
that virus removal followed a Freundlich adsorption isotherm and that 
preformed floc had little effect on virus removal. In concentrating 
Coxsackie virus suspensions by alum flocculation it was again noticed 
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o f  v i r u s  p a r t i c l e s  (bacter iophage T2) adsorbed on c l a y  p a r t i c l e s  when 
aluminum s a l t  was present  i n  t h e  system i ns tead  o f  ca lc ium o r  sodium 
s a l t s .  However, no a t tempt  was made t o  r e a c t i v a t e  t h e  v i r u s  p a r t i c l e s  
o r  t o  assess t h e  t o x i c  e f f e c t  o f  t h e  aluminum on t he  v i r u s  o r  t h e  e f f e c t  
of aluminum on t he  su r f ace  charge o f  t h e  v i r u s .  
Other metal  i ons  may have an impor tan t  r o l e  i n  t he  removal o f  
v i r u s e s  by coagu la t i on  and f l o c c u l a t i o n ,  e.g. i n  s low ing  down the  r a t e  
o f  a luminum-virus complex fo rmat ion .  I n t e r f e r i n g  e f f e c t s  o f  ca lc ium 
and magnesium were n o t i c e d  by Chang -- e t  a l . (1958b) d u r i n g  v i r u s  removal 
by two-stage f l o c c u l a t i o n  w i t h  Ohio R i ve r  water .  They be l i eved  t h a t  
t h e  presence o f  ca lc ium and magnesium i ons  i n  t he  raw water  and t he  ad- 
d i t i o n  o f  CaO i n  t h e  second s tage i n t e r f e r e d  w i t h  t h e  f o rma t i on  o f  t h e  
coagu lan t - ca t i on  b a c t e r i a l - v i r u s  complex. 
L i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  regard ing  t h e  i n f l u e n c e  o f  
o rgan i c  ma t t e r  on t he  removal o f  v i r u s e s  by f l o c c u l a t i o n .  Using alum 
and a r t i f i c i a l l y  contaminated r i v e r  water w i t h  coxsack ie  v i r u s ,  Frankova, 
Cervenka.and Symon (1964) ob ta ined  h i ghes t  removal o f  i n f e c t i v i t y  when 
t h e  v i r u s  was added i n  t he  form o f  a  suspension o f  i n f e c t e d  mouse b r a i n  
and found t h a t  t he  optimum amount o f  alum f o r  t h e  removal o f  t h e  v i r u s  
was dependent on t he  concen t ra t i on  o f  o rgan i c  ma t t e r  i n  t he  water .  How- 
ever ,  Car l son  e t  a l .  (1968) observed cons ide rab le  r educ t i on  i n  percen t  
v i r u s  (bacter iophage T  and t ype  1 p o l i o v i r u s )  i n a c t i v a t i o n  by c l a y s  
(11 l i t e ,  ~ o n t m o r i  1 l o n i t e  and Kaol i n i t e  i n  presence o f  sodium c h l o r i d e  
o r  ca l c i um  c h l o r i d e )  when albumin o r  wastewater was p resen t  i n  t he  sys- 
tem. T h i s  was shown t o  be due t o  compe t i t i on  w i t h  v i r u s  f o r  t he  adsorp- 
t i o n  s i t e s  on t he  c l a y .  
I n  connec t ion  w i t h  t h e i r  s t u d i e s  on t h e  movement o f  v i r u s e s  
i n  ground water,  E l  iassen -- e t  a l . (1966) observed t he  e f f e c t s  o f  s y n t h e t i c  
p o l y e l e c t r o l y t e s  on v i r u s  removal by alum f l o c c u l a t i o n .  V i r u s  removal 
was improved by t he  a d d i t i o n  o f  v a r y i n g  concen t ra t i ons  o f  p o l y e l e c t r o l y t e s ' .  
O f  t h e  t h r e e  spec ies o f  p o l y e l e c t r o l y t e s  tes ted ,  the r e s u l t s  i n d i c a t e d  
t h a t  f o r  s i m i l a r  dosages t h e  c a t i o n i c  p o l y e l e c t r o l y t e  was approx imate ly  
two o rde rs  o f  magnitude more e f f e c t i v e  than  t he  a n i o n i c  and n e u t r a l  po l y -  
e l e c t r o l y t e s .  L i t t l e  v i r u s  removal was accomplished when t h e  sand phase 
was absent i n  t h e i r  j a r  t e s t s .  Presumably s t i r r i n g  and s e t t l i n g  cond i -  
t i o n s  were no t  s u f f i c i e n t  f o r  t he  f l o c  t o  s e t t l e  i n  t h e  absence o f  t he  
s o r p t i o n  e f f e c t  o f  sand. 
Qu i t e  c o n t r a d i c t o r y  observa t ions  have been repor ted  regard ing  
t h e  e f f e c t  o f  pH on coxsack ie  and b a c t e r i a l  v i r u s  removal. Chang, I saac  
and Baine (1953) found pH 5.5 t o  be t he  optimum and ob ta i ned  very  low re -  
moval a t  pH 7.0. I n  a  l a t e r  paper lower removal was observed a t  pH 5.0 
(Chang e t  a1 ., 1958a). Q u i t e  d i f f e r e n t  r e s u l t s  were ob ta ined  w i t h  b i c a r -  
bonate and phosphate b u f f e r s .  Research conducted a t  K ings Co l lege  i n  
England (1966) r epo r t ed  99 percent  removal o f  bacter iophage w i t h  60 ppm 
o f  f e r r i c  c h l o r i d e  a t  pH 6.5. 
B. Aqueous Chemistry of Aluminum 
It is apparent from the solubility considerations of 
aluminum and iron that coagulation in water and wastewater treatment 
is carried out under conditions of pH and coagulant dosage such that 
the system is oversaturated with respect to the metal hydroxide (Stumm 
and OIMelia, 1968). However, it is thought that a brief discussion of 
the aqueous chemistry of aluminum is warranted here because a great 
majority of the experiments will involve soluble concentrations of 
aluminum. 
Recently, studies on the hydrolysis of the aluminum ion in 
dilute aqueous solution have received increased attention. A substan- 
tial amount of new information concerning the specific chemical struc- 
tures of the hydrolysis products of the aluminum ion have been obtained. 
According to the available literature on the aluminum hydrolysis reac- 
tions, solubility curves for aluminum have been calculated and presented 
(Black and Chen, 1967; Stumm, 1964; and Stumm and OIMelia, 1968). Fig- 
ure 1 shows the aluminum solubility curve presented by Black and Chen 
(1967). 
Figure 1 is useful for visualizing the specific regions of 
various aluminum ion species for varying pH values at different total 
concentrations of aluminum. Within a range of total aluminum ion con- 
-6 - 4 
.centration from 10 M to 10 M, the pH scale from 3 to 10 can be roughly 
divided into four different regions in which different predominant 
aluminum ion species are present. In the region below pH 4, the hy- 
drated trivalent aluminum ion is the most active species. In the 
region between pH 4 and 6, the predominant aluminum ion species are 
+4 the hydrolyzed polymeric multivalent cation species: AI,(OH),, and 
I 
" +3 +' Predominance of other cation species, such as A16(OH) A 1  13 
and A1  OH)+^ have also been proposed in the 1 iterature (Black and 
Chen, 1g67) 20~n the pH range roughly from 6 to 8, insoluble aluminum 
hydroxide, Al(0H) , is the predominant species, and the aluminate ion, 
A1 (OH);, is be1 ieaed to predominate above pH 8. However, it is inter- 
esting to note that, in the region between pH 5 and 8.5, the forma- 
tion of insoluble aluminum hydroxide colloids or precipitate4 does not 
take place up to a total aluminum concentration of about 10 M as evi- 
denced by the Tyndall effect in aluminum sulfate solution (Black and 
Chen, 1967; and Morgan, 1967). 
3. SCOPE OF THE 1NVESTIGAT.ION 
From the preceding discussion, it is evident that there is a 
great need to obtain more information on the basic mechanisms involved 
in virus removal by chemical coagulation and flocculation so as to en- 
able the engineer to put the process on a sound scientific basis. The 
removal of viruses from water supplies is extremely important and, be- 
comes more so, with the potential need for wastewater reuse. Informa- 
tion on the basic mechanisms involved in virus removal by coagulation 

and f l o c c u l a t i o n  should c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  s o l u t i o n  o f  t he  
problem and a i d  i n  t h e  development o f  sound des ign s tandard f o r  t h e i r  
removal i n  water  t reatment  f a c i l i t i e s .  
Most o f  t h e  i n v e s t i g a t i o n s  so f a r  under taken i n  t h i s  area 
have been d i r e c t e d  towards q u a n t i t a t i v e  r e s u l t s ,  i . e .  gross removal 
e f f i c i e n c i e s .  Very l i m i t e d  a t t e n t i o n , h a s  been g iven  t o  t h e  mechanisms 
of  v i r u s  removal (Chang e t  a l . ,  1958b; Chang, Isaac and Baine, 1953; 
F e l i x ,  1965; and Kab le r  -- e t  a l . ,  1963). Cons ider ing t h e  observa t ions  
of t h e  pas t  researchers  i n  t h i s  area and t h e  i n t e r a c t i o n  o f  p r o t e i n s  
w i t h  meta ls  ions,  t h e  v i r u s  removal mechanism may be p o s t u l a t e d  as a  
two-stage reac t i on .  The f i r s t  s tage i s  t h e  f o rma t i on  o f  a  v i r u s -  
aluminum complex, t he  second s tage i s  t h e  subsequent p r e c i p i t a t i o n  
and f l o c c u l a t i o n  o f  t h e  complex. B a s i c a l l y ,  t h e  f i r s t  s tage i s  t h e  
i n t e r a c t i o n  o f  v i r u s  w i t h  metal  i on .  The p resen t  research was i n i t i -  
a t e d  t o  i n v e s t i g a t e  t h i s  i n t e r a c t i o n .  The s tudy was undertaken a long  
t h e  f o l l o w i n g  l i n e s :  
; a. demonst r a t  i o n  o f  a  "complex format  ion" between v i  ruses 
and aluminum, and 
b. na tu re  o f  t h e  de complex^^ and v i r u s  i n a c t i v a t i o n  by 
aluminum. 
The second phase o f  t h e  s tudy was d i r e c t e d  towards a  q u a n t i -  
t a t i v e  s tudy of  v i r u s  removal by alum f l o c c u l a t i o n  under c o n t r o l l e d  
l a b o r a t o r y  cond i t i ons .  The e f f e c t s  o f  t h e  f o l l o w i n g  v a r i a b l e s  i n  v i r u s  
removal by chemical coagu la t i on  and f l o c c u l a t i o n  were a l s o  i nves t i ga ted :  
a. pH and coagulant  dose, 
b. b i v a l e n t  metal  i ons  l i k e  ca lc ium and magnesium, 
c. o rgan i c  mat te r ,  and 
d. s y n t h e t i c  p o l y e l e c t r o l y t e s  (coagulant  a i d s ) .  
4. MATERIALS AND METHODS 
A. M a t e r i a l s  
( 1 )  V i ruses  and p r e p a r a t i o n  
One of t h e  main c r i t e r i a  i n  s e l e c t i n g  a  v i r u s  f o r  
t h i s  s tudy was f e a s i b i l i t y  o f  c u l t u r i n g  and enumeration. Assay tech-  
n iques f o r  b a c t e r i a l  v i r u s e s  a re  b e t t e r  developed than f o r  animal 
v i r uses .  B a c t e r i a l  v i r u s  assays r e q u i r e  about 12 t o  24 h r  compared 
w i t h  5  t o  10 days f o r  animal v i ruses ,  and c u l t u r e  procedures a r e  sim- 
p l e r  f o r  b a c t e r i a l  hosts .  B a c t e r i a l  and animal v i r u s e s  have many s im i  
l a r  phys i ca l ,  chemical and b i o l o g i c a l  p r o p e r t i e s ,  i . e .  s ize,  ne t  e l ec -  
t r i c  charge, p r o t e i n  coa t ing ,  e t c .  (Adams, 1959). Thus, i t  may be as- 
sumed t h a t  t h e i r  d i f f e r e n c e s  i n  behav ior  when sub jec ted  t o  coagu la t i on  
and f l o c c u l a t i o n  may not  be much g rea te r  than t he  d i f f e r e n c e s  i n  these 
p r o p e r t i e s  among the  animal v i r u s e s  alone, which cou ld  cause s i g n i f i c a n t  
v a r i a t i o n s  i n  removal by chemical coagu la t i on  and f l o c c u l a t i o n .  Fu r the r -  
more, t h e r e  i s  much more known about t h e  composi t ion and p r o p e r t i e s  o f  
b a c t e r i a l  v i r u s e s  than  i s  known about t h e  animal v i r uses .  Th i s  a l l ows  
f o r  a  more d e t a i l e d  examinat ion o f  t h e i r  behavior  i n  chemical coagu la t ion .  
Two b a c t e r i a l  v i  ruses, bacter iophages T4 and MS2 aga ins t  
Escher ich ia  c o l i .  were se lec ted  as t h e  model v i r u s e s  f o r  t h i s  study. 
Bacter iophage T4 i s  a  DNA (deoxyr ibonuc le ic  a c i d )  c o n t a i n i n g  v i r u s  
whereas bacter iophage MS2 i s  a  RNA ( r i b o n u c l e i c  a c i d )  c o n t a i n i n g  v i r u s .  
Bacter iophage T4 was se lec ted  as t he  p r i n c i p a l  model v i r u s  because o f  
i t s  s t a b i l i t y  i n  a g i t a t e d  systems and i t s  g rea te r  ease o f  c u l t u r i n g  and 
enumerat ion (Cookson, 1966; and Drake, 1967). Bacter iophage MS2 was 
se lec ted  as t h e  second model v i r u s  i n  o rde r  t o  con f i rm  the  r e s u l t s  w i t h  
bacter iophage T4. I t  was thought t h a t  use o f  MS2 a long  w i t h  T4 i n  some 
o f  t h e  major  exper iments would a l l o w  t h e  data t o  be i n t e r p r e t e d  i n  terms 
o f  v i r u s e s  which may be more s i g n i f i c a n t  i n  water  supp l ies .  MS2 was 
se lected,because o f  i t s  resemblance i n  s i z e  and shape, and t h e  type  o f  
n u c l e i c  a c i d  t o  po l  i o v i r u s   ruse, 1968; Hanson, 1969; and Spiegelman, 
1969) . 
a. Escher ich ia  c o l  i Bacter iophage T4 
Bacter iophage T4 (F igure  2) and i t s  host  E. c o l i  BB 
'were ob ta ined  from D r .  John W .  Drake, Department o f  M ic rob io logy ,  Uni-  
v e r s i t y  o f  I l l i n o i s .  Bacter iophage T4 has t he  f o l l o w i n g  p r o p e r t i e s  
(Table 1)  (Kel lenberger ,  1962; Stent ,  1963; and Putnam, 1953). 
TABLE. 1 
PROPERTIES OF E. c o l  i BACTERIOPHAGE T4 
S ize  
head 65 x 95 mp 
t a i  1 20 x 95 mp 
S p e c i f i c  weight 3.3 x  10- l6 gm/pa r t i c l e  
pH s t a b i l i t y  range 5.0 - 9.0 
Sedimentat ion constant  700 - 1000 Svedberg u n i t s  (SZOYw)  
Nuc le ic  a c i d  DNA (deoxyr ibonuc le ic  ac i d )  
The procedure f o r  growing bacter iophage T4 was a l s o  obta ined 
f rom D r .  John W .  Drake. Stock suspensions were prepared by i n f e c t i n g  an 
e a r l y  l o g  phage b r o t h  c u l t u r e  o f  E. c o l i  BB w i t h  bacter iophage ~4 a t  a 
low m u l t i p l i c i t y  o f  i n f e c t i o n  (approx imate ly  0.02 phages/ml). The i n -  
f e c t e d  c u l t u r e  was incubated a t  37°C u n t i l  t he  l y s i s  was complete as 
evidenced by v i s i b l e  r educ t i on  o f  t u r b i d i t y .  A few drops o f  ch lo ro fo rm  
were then  added t o  t he  lysed c u l t u r e  and mixed w e l l  i n  a  v o r t e x  mixer  
i n  o rde r  t o  f a c i l i t a t e  l y s i s  o f  t he  un lysed c e l l s .  The suspension was 
c e n t r i f u g e d  a t  low speed (5,900 xg f o r  10 min a t  4OC) t o  remove b a c t e r i a l  
c e l l s  and c e l l  deb r i s  f o l l owed  by h i g h  speed c e n t r i f u g a t i o n  (34,800 xg 
f o r  one h r  a t  4OC) t o  sediment t he  v i r u s  p a r t i c l e s .  The sedimented 
p e l l e t  was f i n a l l y  resuspended i n  phage b u f f e r .  The f i n a l  p u r i f i c a t i o n  
s tep  was repeated twice.  The p u r i f i e d  s tock  was t hen la to red l t t  4 " ~ .  
Stocks prepared i n  t h i s  way u s u a l l y  t i t e r e d  between10 - 10 phages/ml. 
b. Escher ich ia  c o l i  Bacter iophage MS2 
A p u r i f i e d  s tock  suspension o f  Bacter iophage MS2 
(F igure  3) and i t s  host  E. c o l i  A19 were o r i g i n a l l y  ob ta ined  from D r .  S .  
Splegelman, Department of M ic rob io logy ,  U n i v e r s i t y  o f  I l l i n o i s .  La te r ,  
p u r i f i e d  s tock  suspension of MS2 i n  0.05 M t r i s  b u f f e r  7.6) were 
purchased from M i l e s  Labora to r ies ,  Inc. ,  E l kha r t ,  Ind iana,  Bacter iophage 
MS2 has t he  f o l l o w i n g  p r o p e r t i e s  (Table 2) (Overby -- e t  a1 ., 1966). 
TABLE 2 I 
PROPERTIES OF E. c o l i  BACTERIOPHAGE MS2 
P a r t i c l e  diameter 
Mo lecu la r  weight 
I s o l e c t r i c  p o i n t  ( p ~ )  
Sedimentat ion constant  79 Svedberg u n i t s  (S 20,w ) 
Nuc le i c  a c i d  RNA ( r i b o n u c l e i c  a c i d )  
(2) B i o l o g i c a l  media 
L b r o t h  ( ~ 4 )  was as descr ibed by Drake (1963). T agar 
( ~ 4 )  was L b r o t h  ( ~ 4 )  w i t h  1.20 percent  D i f c o  agar.  S o f t  agar ( ~ 4 )  over-  
l a y  cons i s ted  o f  L  b r o t h  (TG) w i t h  0.65 percent  D i f c o  agar. Phage b u f f e r  
( ~ 4 )  was 0.01 M t r i s  (pH 7.4), 0.005 M ~ g S 0 4  and 0.1 M NaCl. 
Media f o r  E. c o l i  bacter iophage MS. 2  were L agar ( M S ~ ) ,  L  
b r o t h  (MS2), s o f t  agar (MS2) and phage b u f f e r  ( M S ~ )  as descr ibed by 
Overby e t  a l .  (1966). 
'ZSW 39VHdOIY313V8 JO HdVY30Y31W NOY13313 '£ 3Yn31J 
( 3 )  Coagulant and p o l y e l e c t r o l y t e s  (coagulant  a i d s )  
The coagulant  used i n  t h i s  s tudy was aluminum s u l f a t e  
[ A I ~  ( ~ 0 ~ ) ~ .  18 ~ ~ 0 1  marketed by A1 1 i e d  Chem. Corp., Morr is town,  New Jersey. 
The p o l y e l e c t r o l y t e s  (coagulant  a i d s )  used a r e  l i s t e d  i n  Table  3. 
Two c a t i o n i c  and two an ion i c  p o l y e l e c t r o l y t e s  were se lected.  Stock and 
work ing s o l u t i o n s  were prepared accord ing  t o  t h e  i n s t r u c t i o n s  g i ven  i n  
the  p roduc t  l i t e r a t u r e .  
TABLE 3 
POLYELECTROLYTES (COAGULANT AIDS) 
Name TY pe Manufacturer  
P r i m a f l o c  C-7-  Cat i o n i c  
(po l  yamine) 
Rohm and Haas 
Cat f  1 oc Cat i o n i c  Calgon Corp. 
Pr imaf  l oc  A-10 An ion i c  Rohm and Haas 
(po lycarboxy l  i c )  
Coagu 1 an t  A i d  #243 An ion i c  Calgon Corp. 
(4) Water 
D i s t i l l e d  water  deminera l i zed  through two I l l co -Way . 
Research Model Deminera l i ze r  ( ~ l l i n o i s  Water Treatment Co., Rockford,  
I l l i n o i s ) ,  and then s t e r i l i z e d  by au toc l av i ng  a t  15 p s i  f o r  15 min was 
used i n  a l l  s o l u b l e  aluminum s tud ies .  S t e r i l i z e d  l abo ra to r y  de ion ized  
water  was used i n  p repar ing  the  raw water  f o r  t he  coagu la t i on  and f l o c -  
c u l a t i o n  s t u d i e s  ( j a r  t e s t s ) .  
(5) Organic m a t e r i a l  s  
The f o l l o w i n g  o rgan i c  m a t e r i a l s  were used i n  t h i s  
study: 
a. Bovine Serum -Albumin (5 pe rcen t ) .  Prepared by Pentex I nc . ,  
Kankakee, I l l i n o i s ,  and d i s t r i b u t e d  by Calbiochem, 
Los Angeles, C a l i f o r n i a .  
b. Egg Albumin. Prepared by A l l i e d  Chem. Corp., Morr is town,  
New Jersey. 
c. Beef Ex t rac t .  Prepared by D i f c o  Labo ra to r i es ,  D e t r o i t ,  
Michigan. 
d. Wastewater and wastewater e f f l u e n t s .  C o l l e c t e d  f r e s h  
from the  Urbana-Champaign San i t a r y  D i s t r i c t  waste t r e a t -  
ment p l a n t  and prepared by f i l t e r i n g  through f o u r  l a y e r s  
o f  cheesec lo th  so as t o  remo e t h e  l a r g e r  s i z e  p a r t i c l e s .  Y 
(6)  Glassware 
A l l  g lassware used f o r  t h e  s o l u b l e  aluminum s tud ies  
were c leaned by soaking ove rn i gh t  i n  chromic a c i d  f o l l o w e d  by r i n s i n g  i n  
t a p  wa te r  and de ion ized  water .  Glassware used f o r  t h e  coagu la t i on  and 
f l o c c u l a t i o n  s t ud ies  ( j a r  t e s t s )  were c leaned by soaking ove rn i gh t  i n  
~aemo-so l  (Meinecke and Co., New York, New York) f o l l o w e d  by r i n s i n g  i n  
t a p  water  and de ion ized  water ,  as suggested by Chang, I saac  and Baine 
(1953). S t e r i l  i z a t i o n  was accomplished i n  a  ho t  a i r  oven a t  200°C f o r  
one h r  o r  . l onger .  
B. Chemical and B i o l o g i c a l  Assay Techniques 
: ( 1 )  De te rmina t ion  o f  aluminum 
A simple,  r a p i d  and s e n s i t i v e  method f o r  de te rmin ing  
s o l u b l e  aluminum concen t ra t i ons  i n  t h e  microgram range was requ i red .  The 
er iochrome cyanine R method o r i g i n a l l y  i n t r oduced  by Kn igh t  (1.960) and 
l a t e r  m o d i f i e d  by Shu l l  and Guthan (1967), and Chaudhuri and Engelbrecht  
(1968) was used. The s tandard aluminum curve  shown i n  F i g u r e  4 was used 
* t o  determine t h e  aluminum concen t ra t i on  i n  unknown samples. 
(2) Assay procedure f o r  bacter iophages 
The assay procedure f o r  bacter iophage ~4 was ob ta ined  
from D r .  John W. Drake. Before assaying, t h e  sample was d i l u t e d  i n  L 
b r o t h  ( ~ 4 )  t o  y i e l d  about 200 plaques per  p l a t e .  A l i q u i d  top-agar mix- 
t u r e  was prepared from 2.5 m l  of s o f t  agar ( ~ 4 )  a t  4 5 O C ,  0.25 m l  of a  
l o g  growth phase c u l t u r e  o f  E. c o l i  BB c e l l s ,  and 0.1 m l  o f  t h e  d i l u t e d  
v i r u s  sample. The top-agar m i x t u r e  was then poured on s o l i d i f i e d  bottom 
agar  (T agar )  p l a t e s  and incubated a t  3 7 O C  f o r  12 t o  24 h r .  l lPlaquesll 
were counted w i t h  t h e  a i d  o f  a  Quebec co lony  counter .  T r i p l i c a t e  p l a t e s  
were prepared from each sample t o  inc rease  accuracy.  
The assay procedure used f o r  bacter iophage MS2 was ve ry  s i m i l a r  
t o  t h a t  o f  bacter iophage T4. E. c o l i  A19 was t h e  i n d i c a t o r  b a c t e r i a .  
The top  agar  was s o f t  agar (MS?) and t h e  bottom agar was L agar ( M S ~ ) .  
P l a tes  were incubated a t  3 7 O C  f o r  6  t o  8  h r  be fo re  coun t ing .  
C.  Experimenta 1 ~ e c h n . i ~ u e  and Equipment 
( 1 )  K i n e t i c s  o f  adso rp t i on  o f  aluminum by v i r u s e s  
A l l  s t ud ies  on t h e  k i n e t i c s  o f  a d s o r p t i o n  o f  a lumi -  
num i nvo l ved  s o l u b l e  concen t ra t i ons  o f  aluminum. Concen t ra t ions  o f  
aluminum were always kept  below t he  s o l u b i l i t y  a t  t h e  pH o f  t h e  t e s t  
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i n  t h e  s t u d i e s  on a d s o r p t i o n  o f  aluminum by v i r u s e s ,  q u a n t i t i e s  o f  
aluminum adsorbed by a  p a r t i c u l a r  c o n c e n t r a t i o n  o f  bac te r iophage  T4 
p a r t i c l e s  a t  v a r y i n g  I 1 a v a i l a b l e  aluminum11 c o n c e n t r a t i o n s  were computed 
and p l o t t e d .  
(4) Q u a n t i t a t i v e  s t u d i e s  on v i r u s  removal by chemica l  coagu- 
l a t i o n  and f l o c c u l a t i o n  ( j a r  t e s t s )  
A  bench-sca le  appara tus  emp loy ing  a  c a r b o n i c  a c i d -  
b i c a r b o n a t e  b u f f e r  system f o r  pH c o n t r o l  was s e t  up i n  t h e  l a b o r a t o r y  
f o r  c o a g u l a t i o n  and f l o c c u l a t i o n  s t u d i e s  ( F i g u r e  5 ) .  B i c a r b o n a t e  b u f -  
f e r  was used because t h i s  i s  t h e  main  b u f f e r i n g  system p r e s e n t  i n  n a t -  
u r a l  s u r f a c e  w a t e r s  (Chang e t  a l . ,  1958a). A l l  expe r imen ts  were  p e r -  
formed a t  room tempera tu re  ( 2 4 " ~  t o  2S0C). 
M i x i n g  was p r o v i d e d  w i t h  a  s i x - p l a c e  m u l t i p l e  s t i r r e r  (Phipps 
and Byrd,  Richmond, Va. , ) .  The tachometer  read ings  were found  t o  ag ree  
w i t h  p a d d l e  rpm va lues .  S p e c i a l l y  c o n s t r u c t e d  padd les  ( F i g u r e  6 ) ,  made 
f rom 0.25 i n .  s t a i n l e s s  s t e e l  rod, were used i n  an a t t e m p t  t o  p r o v i d e  
more u n i f o r m  v e l o c i t y  g r a d i e n t s  t h a n  i s  though t  t o  occu r  w i t h  t h e  con- 
v e n t i o n a l  1 x  3 i n .  padd les .  The padd les  were c leaned  and s t e r i l i z e d  
b e f o r e  each exper iment  u s i n g  t h e  s tandard  p rocedure  f o r  c l e a n i n g  g l a s s -  
ware. 
C o n t r o l  o f  pH, ove r  t h e  range o f  8.3 t o  5, was o b t a i n e d  by 
i n t r o d u c i n g  v a r i o u s  m i x t u r e s  o f  a i r  and CO i n t o  t h e  p a r t i a l l y  c o n f i n e d  2  
atmosphere above each beaker. By measur ing  t h e  i n d i v i d u a l  g a s - f l o w  
r a t e s  p r i o r  t o  b l e n d i n g ,  v a r i o u s  m i x t u r e s  o f  t h e  two gases c o u l d  be ob- 
t a i n e d .  The b lended gas was d i s t r i b u t e d  f rom a  c e n t r a l  m a n i f o l d  t o  t h e  
i n d i v i d u a l  beakers.  Each exper imen t  was i n i t i a t e d  when an e q u i l i b r i u m  
pH was ach ieved;  t h i s  u s u a l l y  r e q u i r e d  0.5 t o  one h r .  
Values o f  pH were determined i n  i n d i v i d u a l  beakers  b e f o r e  t h e  
a d d i t i o n  o f  coagu lan t  and a f t e r  t h e  s e t t l i n g  p e r i o d .  A  Beckman E l e c t r o -  
mate  pH mete r  was used. I t  was s t a n d a r d i z e d  d a i l y  u s i n g  commercia l  b u f -  
f e r  s o l u t i o n s  o f  pH 4, 7, and 9. 
The I1rawl1 w a t e r  was made up i n  10 l i t e r  ba tches  i n  a  covered 
p o l y e t h y l e n e  v a t .  The raw w a t e r  f o r  a l l  expe r imen ts  c o n t a i n e d  150 mg/ l  
o f  sodium b i  a rbona te ,  120 mg/ l  o f  M o n t m o r i l l o n i t e  (Wyoming B e n t o n i t e ) ,  5 and 4-5 x  10 / m l  o f  bac te r iophage  T4 o r  MS2. The c l a y  was s u p p l i e d  by 
Ward 's  N a t u r a l  Sc ience Es tab l i shmen ts ,  I n c . ,  Rochester ,  New York.  
M o n t m o r i l l o n i t e  was s e l e c t e d  because i t  has been shown t o  be p r e s e n t  i n  
n a t u r a l  w a t e r s  (Packham, 1962). 
Samples f o r  t u r b i d i t y  measurement, 30 m l  each, were t a k e n  w i t h  
a  4 mm b o r e  p i p e t ,  1.5 i n .  below t h e  a i r - w a t e r  i n t e r f a c e  and d e l i v e r e d  
t o  50 ml beakers .  A l l  t u r b i d i t y  measurements were made a f t e r  t h e  samples 
had been i n  t h e  i n s t r u m e n t  (Model 1860, Hach Chemical Co., Ames, Iowa) 
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F I G U R E  6. SCALE DRAWING O F  REACTION VESSEL FOR COAGULATION 
AND FLOCCULATION STUD l ES (JAR TESTS),  
Samples f o r  v i r u s  enumeration, 0.1 m l  each, were taken w i t h  
0.1 m l  s e r o l o g i c a l  p i pe t s ,  1.5 i n .  below t he  a i r - w a t e r  i n t e r f a c e  and 
immediately d i l u t e d  i n  L  b r o t h  f o r  subsequent assay by t he  standard 
assay procedu r e  f o r  bacter iophages.  
The f o l l o w i n g  method was used i n  per fo rming  an exper iment:  
( 1 )  s i x  975 m l  a1 i quo t s  o f  t h e  I1rawl1 water  were p laced i n  i n d i v i d u a l  
beakers s i t u a t e d  on t h e  m ix i ng  apparatus,  (2) t he  s i x  beakers were 
mixed s imu l taneous ly  as pH was ad justed,  (3 )  a  c a l c u l a t e d  q u a n t i t y  o f  
water  was added t o  each beaker t o  g i v e  a  f i n a l  t o t a l  volume o f  one 
l i t e r  a f t e r  t h e  a d d i t i o n  o f  chemicals, (4) w h i l e  m i x i ng  r a p i d l y  a t  
100 rpm, a  s t o i c h i o m e t r i c  amount o f  sodium b ica rbona te  was added t o  
each exper imenta l  beaker t o  n e u t r a l i z e  t h e  a c i d i t y  due t o  aluminum 
s u l f a t e  added i n  t he  nex t  s tep  and then chemicals (aluminum s u l f a t e ,  
p o l y e l e c t r o l y t e s ,  e t c . )  were added i n t o  a1 1 bu t  one beaker which served 
as a  b lank,  and (5) m i x i ng  was con t inued  a t  100 rpm f o r  one min f o l l owed  
by 30 min  o f  slow m ix i ng  a t  20 rpm. M i x i n g  was stopped g r a d u a l l y  over  
a  40 sec p e r i o d  and the  m ix i ng  paddles were l e f t  i n  p l ace  d u r i n g  t h e  
s e t t l i n g .  pe r iod .  Samples f o r  v i r u s  assay and t u r b i d i t y  measurements 
were wi thdrawn a f t e r  30 min o f  qu iescen t  s e t t l i n g .  The pH o f  each sys- 
tem was determined a l so .  I n  exper iments us i ng  coagulant  a ids ,  r a p i d  
m i x i ng  was extended f o r  a  p e r i o d  o f  one min  a f t e r  t h e  p o l y e l e c t r o l y t e  
a d d i t i o n ,  as recommended by t h e  manufacturer .  
(5) V i r u s  recovery  f rom s e t t l e d  f l o c  
A f t e r  per fo rming  a  j a r  t e s t  a t  t h e  optimum pH and 
aluminum s u l f a t e  dosage f o r  t h e  p a r t i c u l a r  v i r u s ,  con ten ts  o f  bo th  t h e  
b lank  and t h e  exper imenta l  beakers were s t i r r e d  a t  a  h i g h  speed f o r  
15 min u s i n g  a  magnet ic s t i r r e r  so as t o  d isperse  t h e  f l o c  complete ly .  
Wh i l e  be ing  s t i r r e d ,  d u p l i c a t e  5  m l  a l i q u o t s  were wi thdrawn f rom each 
beaker w i t h  a  b roken - t i p  p i p e t  and poured i n t o  screw-cap tubes con ta i n -  
i n g  15 m l  o f  an e l u t a n t .  Deion ized water ,  3 pe rcen t  beef e x t r a c t ,  one 
percen t  bov ine  serum albumine, 0.1 M t r i s  b u f f e r  (ph 8.0), and 0.2 M 
phosphate b u f f e r  (pH 8.0) were used-as e l u t a n t s .  Tubes were kept  a t  
4°C w i t h  t h e  con ten ts  mixed every 15 min  i n  a  v o r t e x  m ixer .  A f t e r  6 h r  
t h e  con ten t  o f  each tube was c e n t r i f u g e d  a t  5,900 xg f o r  10 m in  and 
t h e  supernatant  assayed f o r  t he  v i r u s  t i t e r .  Recover ies were c a l c u l a t e d  
on t h e  bas i s  o f  t h e  v i r u s  t i t e r  o f  t h e  supernatant  f rom the  b l ank  tube. 
5. RESULTS AND D I S C U S S I O N  
Resu l t s  o f  a l l  exper iments a re  presented i n  g raph i ca l  o r  tabu- 
l a r  form. I n  o rde r  t o  f a c i ! i t a t e  t he  p resen ta t i on ,  a  d i scuss ion  o f  t h e  
r e s u l t s  f o l l o w s  each phase o f  t he  exper imenta l  work. For  t h e  most p a r t ,  
o n l y  t y p i c a l  r e s u l t s  a r e  shown and d iscussed a l t hough  a l l  r e s u l t s  were 
subs tan t i a t ed  by two o r  more r e p l i c a t e  exper iments.  
The terms "coagula t ion"  and " f l o c c u l a t i o n l ~  o f t e n  denote d i f -  
f e r e n t  meanings. Recent ly  t h e r e  has been shown an awareness o f  t he  long 
e x i s t i n g  genera l  con fus ion  i n  t he  l i t e r a t u r e  over t h e  meaning o f  these 
two terms. It should be recognized that in the overall process of 
coagulation and flocculation there is a cause-and-effect relationship. 
For reactions of the type which are encountered in water treatment 
practice, destabilization and particle collision opportunity can be 
viewed as Aggregation of the destabilized, colliding particle 
is then an In order for a conventional water treatment plant 
to operate effectively both destabilization (accomplished by chemical 
addition) and particle collisions (accomplished primarily by mixing) 
must be provided. In presenting the results of this study, llcoagulationtl 
will refer to destabilization and llflocculationll will refer to aggrega- 
tion. When used together, these two terms will denote destabilization 
and aggregation as provided in a water treatment plant and will be re- 
ferred as "the process of coagulation and f loc~ulation.~~ 
A. .Adsorption of Aluminum by Viruse's 
(1) Kinetics of adsorption 
Kinetics of adsorption of aluminum at pH values 5, 
6, and 9 by bacteriophages ~4 and MS2 are shown in Figures 7 and 8, 
respectively. Attempts were made to keep the virus concentrations con- 
stant for a particular bacteriophage in each system. However, it is to 
be borne in mind that the virus concentrations reported here are as de- 
termined by the plaque count method and do not indicate the total number 
of actual virus particles in the sample. The latter can be determined 
?only by an electron micrographic count (Luria, Williams and Backus, 1951). 
Although specific information is lacking, it is generally accepted that 
the precision of the plaque count method is on the order of 5 to 10 per- 
cent (Drake, 1967). Since processing of the sample took approximately 
30 to 40 sec before the virus particles were physically separated from 
the reaction mixture, the data for the samples withdrawn fran the re- 
action mixture immediately after mixing were plotted against 30 sec. 
It is evident from Figures 7 and 8 that adsorption of alum- 
inum by virus particles is very rapid and takes place at least within 
the first 30 to 40 sec. Maximum adsorption is also attained at this 
time. For all practical purposes it may be regarded that adsorption 
of aluminum by virus particles is instantaneous. However, Chang, Isaac, 
and Baine (1953) estimated that 20 min would be required for aluminum 
virus precipitate formation. It is to be noted that their experimental 
conditions were entirely different and that they attempted to separate 
the first-stage reaction (aluminum-virus complex formation) from the 
second-stage (precipitation and flocculation) by assuming that the 
second-stage reaction would not start in the absence of SiO which was 
found to be required for the formation of good flocs under $heir experi- 
mental conditions. Time required for the first-stage reaction was as- 
sumed to be the longest contact time between aluminum and virus particles 
at which there were no significant differences in percentages of re- 
covery of the virus between the tests performed in the presence of SiO 
and those in the absence of Si02. 2 
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'F IGURE 7 .  K I N E T I C S  O F  ADSORPTION O F  ALUMINUM BY  BACTERIOPHAGE ~ 4 .  
A v a i l a b l e  A l u m i n u m :  34 p g / l  
5 1 0  
T I M E  I N  MINUTES 
FIGURE 8. K I N E T I C S  OF ADSORPTION O F  ALUMINUM BY BACTERIOPHAGE MS2 
I t  i s  a l s o  seen from F i g u r e  8  t h a t  t h e  amount o f  aluminum ad- 
sorbed by t he  MS2 p a r t i c l e s  does n o t  change app rec i ab l y  w i t h  pH i n  t h e  
range of 5.0 t o  9.0 and t h e  v a r i a t i o n s  a r e  w e l l  w i t h i n  t h e  l i m i t s  o f  ex- 
per imenta l  e r r o r .  However, t he  v a r i a t i o n s  a r e  more pronounced i n  t he  
case o f  t h e  ~4 p a r t i c l e s  (F i gu re  7 ) .  I t  i s  n o t  p o s s i b l e  t o  p rov i de  a  
comp le te ly  s a t i s f a c t o r y  exp lana t i on  based upon t he  i o n i z a t i o n  o f  t h e  
charged groups on t he  coa t  p r o t e i n  o f  t h e  bacter iophage T4. Thus, t he  
d i f f e r e n c e s  may be due t o  t h e  v a r i a t i o n s  i n  t he  amount o f  aluminum ad- 
sorbed on t h e  sur faces  o f  t h e  glassware. 
(2) Q u a n t i t a t i v e  adso rp t i on  
F igures  9  and 10 show the  q u a n t i t a t i v e  adso rp t i on  
o f  aluminum by bacter iophages T4 and MS2, r e s p e c t i v e l y .  For s t ud ies  
w i t h  bacte'r iophage ~ 4 ,  t h r e e  d i f f e r e n t  v i r u s  s t ock  suspensions and two 
d i f f e r e n t  aluminum concen t ra t i ons  were used. The t h r e e  v i r u s  s tocks 
were prepared a t  d i f f e r e n t  t imes and were s t o r e d  f o r  v a r y i n g  pe r i ods  
o f  t ime  rang ing  f rom 1 t o  6 months a t  4 " ~ .  
These f i g u r e s  show t h a t  a  l i n e a r  r e l a t i o n s h i p  e x i s t s  between 
v i r u s  concen t ra t i on  and t h e  amount o f  aluminum adsorbed. I n  o t h e r  
words, aluminum i s  r e a c t i n g  s t o i c h i o m e t r i c a l l y  w i t h  t h e  v i r u s  p a r t i c l e s .  
I t  can a l s o  be concluded f rom observa t ions  w i t h  bacter iophage ~4 t h a t  
t he  amount o f  aluminum adsorbed i s  n o t  a f f e c t e d  by t he  p e r i o d  and con- 
c j i t i o n s  o f  s to rage  of t he  v i r u s  p a r t i c l e s  used. The amount o f  aluminum 
a v a i l a b l e  a l s o  does no t  e x e r t  an e f f e c t  p r o v i d i n g  t h e  amount a v a i l a b l e  
i s  g r e a t e r  than t he  l i m i t i n g  concen t ra t i on .  
To s u b s t a n t i a t e  t h e  r e l i a b i l i t y  o f  t h e  M i l l i p o r e  membrane 
techn ique  used so f a r  i n  these s tud ies ,  a  comparison was made between 
t h i s  method and another  method i n v o l v i n g  h i g h  speed c e n t r i f u g a t i o n .  
V i r u s  p a r t i c l e s  a long w i t h  adsorbed aluminum were separated f rom t h e  
r e a c t i o n  m i x t u r e  by c e n t r i f u g i n g  a t  34,800 xg f o r  one h r .  The d i f -  
f e rence  i n  aluminum concen t ra t i ons  i n  supernatants  o f  t he  c o n t r o l  and 
t h e  r e a c t i o n  m i x t u r e  (Table 4) was used t o  compute t h e  q u a n t i t y  o f  
aluminum adsorbed. Res t s  agreed ve ry  w e l l .  For  a  bacter iophage ~4 
'id 
c o n c e n t r a t i o n  o f  7 x  10 / m l ,  t he  amount o f  aluminum adsorbed was 20 p g / l .  
Using t h e  phosphate m o d i f i c a t i o n  method (Shu l l  and Guthan, 1967) concen- 
t r a t i o n  o f  aluminum i n  t h e  sedimented p e l l e t  was a l s o  determined f o r  a  
mass ba lance o f  aluminum. The p e l l e t  was e l u t e d  w i t h  0.2 M t r i s  b u f f e r  
(pH 8.0), d i ges ted  i n  ,I N s u l f u r i c  a c i d  a t  15 p s i  f o r  30 min, n e u t r a l i z e d  
t o  pH 4.5 w i t h  1 N sodium hydrox ide  and t h e  concen t ra t i on  o f  aluminum 
determined (Table 5 ) .  
I n  t h i s  example (Table 5  ) ,  the  i n i t i a l  concen t ra t i on  o f  a lumi -  
num i n  t h e  c o n t r o l  and i n  t h e  r e a c t i o n  m i x t u r e  was 37.5 p g / l .  The con- 
c e n t r a t i o n  o f  aluminum i n  t he  c o n t r o l  a f t e r  c e n t r i f u g a t i o n  was 27.5 p g / l .  
T h i s  was t h e  amount of aluminum a v a i l a b l e  f o r  r e a c t i o n  w i t h  t h e  T4 par -  
t i c l e s .  The 26.7 percent  l oss  i s  assumed t o  be due t o  a d s o r p t i o n  on t h e  
glassware and on t he  w a l l  of t h e  c e n t r i f u g e  tube. A t o t a l  recovery  o f  
30.0 p g / l  o f  aluminum was made from t h e  supernatant  and t h e  sedimented 
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TABLE 5 
MASS BALANCE ON ALUMINUM BY CENTRIFUGATION METHOD 
10 V i r u s  c o n c e n t r a t i o n  = 7 x  10 /ml ; pH = 5.0 (0.2M - A c e t a t e  B u f f e r )  
I n i t i a l  c o n c e n t r a t i o n  o f  aluminum i n  t h e  c o n t r o l  and i n  t h e  r e a c t i o n  
m i x t u r e  = 37.5 p g / l  
Cont r o l  
C o n c e n t r a t i o n  o f  aluminum i n  t h e  c o n t r o l  a f t e r  c e n t r i f u g a t i o n  
= 27.5 p g / l  
Pe rcen t  l o s s  = 3 7 ' 5  - 27 '5  x 100 = 26.7 
37.5 
R e a c t i o n  M i x t u r e  
C o n c e n t r a t i o n  o f  aluminum i n  t h e  superna tan t  o f  t h e  r e a c t i o n  
m i x t u r e  a f t e r  c e n t r i f u g a t i o n  = 7.5 p g / l  
C o n c e n t r a t i o n  o f  aluminum i n  t h e  sedimented p e l l e t  = 22.5 p g / l  
T o t a l  aluminum recovered = 7.5 + 22.5 = 30.0 p g / l  
p e l l e t  f r o m  t h e  r e a c t i o n  m i x t u r e .  T h i s  i s  w i t h i n  9 p e r c e n t  o f  t h e  amount 
o f  aluminum a v a i l a b l e  (27.5 p g / l ) .  Hence, e x c e l l e n t  mass ba lance  was ob- 
t a  i ned. 
I n  o r d e r  t o  f u r t h e r  i n v e s t i g a t e  t h e  q u a n t i t a t i v e  n a t u r e  o f  alum- 
inum a d s o r p t i o n ,  s a t u r a t i o n  cu rves  f o r  aluminum a d s o r p t i o n  f o r  d i f f e r e n t  
bac te r iophage  T4 c o n c e n t r a t i o n s ~ a t  pH v a l u e s  5.0, 6.0, and 9.0 were ob- 
t a i n e d .  These cu rves  a r e  shown i n  F i g u r e s  1 1 ,  12, and 13. 
The s a t u r a t i o n  cu rves  f o l l o w  t h e  .same p a t t e r n  a t  pH v a l u e s  
5.0, 6.0, and 9.0. I t  can be seen t h a t  when t h e  c o n c e n t r a t i o n  o f  a v a i l -  
a b l e  aluminum i s  l e s s  t h a n  t h e  l i m i t i n g  c o n c e n t r a t i o n ,  a lmos t  comple te  
a d s o r p t i o n  o f  aluminum f r o m  t h e  s o l u t i o n  takes  p l a c e .  The p l a t e a u  
reg ions  o f  t h e  s a t u r a t i o n  cu rves  i n d i c a t e  comple te  s a t u r a t i o n  o f  t h e  
a d s o r p t i o n  s i t e s  on t h e  v i r u s  c o a t  p r o t e i n .  Consequent ly,  t h e  q u a n t i t y  
o f  aluminum t h a t  can be adsorbed on t h e  v i r u s  c o a t  p r o t e i n  s u r f a c e  i s  
c o n s t a n t .  
These a d s o r p t i o n  da ta  were then  p l o t t e d  a c c o r d i n g  t o  t h e  
l i n e a r  f o r m  o f  t h e  Langmuir a d s o r p t i o n  equa t ion .  T h i s  was done u s i n g  
t h e  l e a s t  squares method o f  c u r v e  f i t t i n g  t o  f a c i l i t a t e  t h e  c a l c u l a t i o n  
o f  t h e  amounts o f  aluminum adsorbed by a  T4 p a r t i c l e  a t  d i f f e r e n t  pH 
v a l u e s .  The b a s i c  assumpt ions i n v o l v e d  a r e  t h a t  ( 1 )  a l l  adsorbent  s i t e s  
a r e  i d e n t i c a l  and t h a t  (2) no i n t e r a c t i o n  takes  p l a c e  between molecu les  
adsorbed on a d j a c e n t  s i t e s  (Graham, 1959). The Langmuir e q u a t i o n  can 
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F I G M E  12. SATURATION CURVES FOR ALUMINUM ADSORPTION BY 
BACTERIOPHAGE T k  A T  p H  6 .0 .  
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F IGURE 1 3 .  SATURATION CURVES FOR ALUMINUM ADSORPTION BY 
BACTERIOPHAGE T 4  A T  p H  9.0. 
be expressed by 
where 
C = concen t ra t i on  o f  aluminum i n  t he  s o l u t i o n  a t  e q u i l i b r i u m ,  
ws/ l  
q = aluminum adsorbed per  u n i t  o f  adsorbent a t  e q u i l i b r i u m ,  
pg /pa r t  i c  l e  
Z = s a t u r a t i o n  r a t i o ,  p g / p a r t i c l e  
K = constant ,  p a r t i c l e / l  
Adso rp t i on  data o f  F i gu res  1 1 ,  12, and 13 f i t  w e l l  t o  t h e  l i n e a r  
form o f  r h e  i so therm ( ~ i g u r e s  14, 15, and 16). The amounts o f  aluminum 
adsorbed by a ~4 p a r t i c l e  a t  d i f f e r e n t  pH va lues  were c a l c u l a t e d  f rom 
these p l o t s .  These data a r e  g i ven  i n  Tab le  6. 
TABLE 6 
- AMOUNTS OF ALUMINIJM ADSORBED BY A 
BACTERIOPHAGE ~4 PARTICLE AT DIFFERENT pH VALUES 
Aluminum adsorbed 
Even though s a t u r a t i o n  curves were no t  ob ta i ned  f o r  t h e  b a c t e r i o -  
phage MS2 - aluminum system, an es t ima te  can be made o f  t h e  amount o f  
aluminum adsorbed by a MS2 p a r t i c l e  a t - ~ g  5.0. Tak ing  va lues  f r o  
F i g u r e  10, t h i s  appears t o  be 2.05 x 10 p g / p a r t i c l e  o r  4.6 x 10' atoms/ 
p a r t i c l e .  Due t o  t h e  sma l l e r  s i z e  o f  a MS2 p a r t i c l e  compared t o  a ~4 
p a r t i c l e ,  l e sse r  amount o f  aluminum i s  adsorbed. 
I t  i s  ev i den t  t h a t  t h e  amounts o f  aluminum adsorbed by a ~4 
p a r t i c l e  a t  pH va lues  6.0 and 9.0 a r e  t h e  same and t h e  v a r i a t i o n s  re -  
p o r t e d  a r e  w e l l  w i t h i n  t h e  l i m i t s  o f  exper imenta l  e r r o r .  However, i t  
i s  no t  p o s s i b l e  t o  p rov i de  a complete ly  s a t i s f a c t o r y  e x p l a n a t i o n  f o r  t h e  
3 
n 
c / q  = 1 . 4 2 5  x 1 0 1 3 +  3 . 0 2  x 1 
1 1  0 V i r u s  C o n c  : 1 . 1  x 1 0  /rn1 
1 0  V i r u s  C o n c  : 6.3 x 1 0  /rn1 
n v i r u s  ~ o n c  : 3.5 x l o l O / r n l  
EQUILIBRIUM ALUMINUM CONCENTRATION,.C ( w g / l )  
F IGURE 14. M c B A l N  - B R I T T O N  PLOT OF ADSORPTION DATA O F  BACTERIOPHAGE T k  - ALUMINUM 
SYSTEM (PH 5.0) TO F I T  LANGMUl R ADSORPTION EQUATION. 


d i f f e r e n c e  i n  the  amounts o f  aluminum adsorbed a t  pH va lues  5.0 and 6.0. 
The i o n i z a t i o n  o f  t h e  charged groups on t h e  bacter iophage T4 coa t  p r o t e i n  
may n o t  be app rec i ab l y  d i f f e r e n t  a t  these two pH va lues.  The f a c t  t h a t  
a  s t o i c h i o m e t r i c  amount o f  aluminum i s  adsorbed by a  T4 p a r t i c l e  a t  pH 
va lues between 5.0 and 9.0 leads t o  t h e  l i k e l i h o o d  o f  a  r e a c t i o n  o f  t h e  
"complex fo rmat ion"  type.  Coord ina t ion  complexes between aluminum and 
some i o n i c  group(s)  on t he  coa t  p r o t e i n  o f  bater iophage i s  q u i t e  l i k e l y .  
Phys ica l  adso rp t i on  i n v o l v i n g  e l e c t r o s t a t i c  a t t r a c t i o n  i s  r u l e d  o u t  be- 
cause o f  t h e  e x c e l l e n t  s t o i ch i ome t r y  between aluminum and T4 p a r t i c l e s  
i n  s p i t e  o f  t h e  f a c t  t h a t  t h e  predominant aqueous aluminum species a t  
pH va lues  5.0 and 6.0 a r e  p o s i t i v e l y  charged whereas t h e  species a t  pH 
9.0 i s  n e g a t i v e l y  charged (F i gu re  1 ) .  The p o s i t i v e l y  charged spec ies 
a r e  e i t h e r  AI~(OH);; and A1 (OH);: o r  A ~ ~ ( o H ) + ~  and A 1 8 ( O ~ ) 2 0 .  13 15 +4 The 
nega t i ve l y ,  charged spec ies i s  A1 (OH); I t  seems q u i t e  1 i k e l y  t h a t  
aluminum bound i n  these hydroxo complexes i s  complexing w i t h  t h e  i o n i c  
group(s)  on t h e  coa t  p r o t e i n  o f  t he  bacter iophage.  
By cons ide r i ng  t h e  p r o t e i n  coat  o f  bacter iophage ~ 4 ,  i t  i s  
p o s s i b 1 e : t o  make some approximate c a l c u l a t i o n s  as t o  t h e  a v a i l a b i l i t y  
o f  i o n i c  groups f o r  t h e  f o rma t i on  o f  c o o r d i n a t i o n  c&nplexes w i t h  alum- 
inum. D e t a i l  amino a c i d  composi t ion o f  t h e  T4 coa t  p r o t e i n  i s  a v a i l a b l e  
i n  t he  1 i t e r a t u r e  (Table 7 ) .  The head o f  t h e  phage p a r t i c l e  i s  made up 
o f  about 300 i d e n t i c a l  p r o t e i n  subun i t s  (Edgar and Epste in ,  1965), which 
i s  t h e  ma jo r  p r o t e i n  c o n s t i t u e n t  o f  t h e  phage (Stent ,  1963). A  l a r g e  
p r o t e i n  g e n e r a l l y  c o n s i s t s  o f  subun i t s  wh ich  a r e  t h e  minimal phys i ca l  
u n i t s .  Assuming about 200 amino a c i d  u n i t s  i n  a  p r o t e i n  subun i t ,  t h e  
t o t a l  number o f  amino ac i ds  u n i t s  i n  t h e  head p r o t e i n  a r e  about 6  x  10 . 
Th i s  es t ima te  and t h e  mean amino a c i d  composi t ion o f  t h e  T4 coa t  p r o t e i n  
lead  t o  t he  f o l l o w i n g  approximate c a l c u l a t i o n s :  
Number o f  ca rboxy l  groups 
= (Number o f  t e rm ina l  ca rboxy l  groups) + [ (To ta l  number o f  
w-carboxyl  groups due t o  a s p a r t a t e  and g lu tamate res idues  - , 
number o f  w-carboxyl  groups combined w i t h  ammonia i n  amide 
1 inkage 
Number o f  hydroxy 1 groups 
= Number o f  pheno l i c  hydroxy l  groups o f  t y r o s i n e  
- - - 
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Number o f  ammonium and guanid in ium groups 
= (Number o f  t e rm ina l  ammonium groups) + (Number o f  c-ammonium 
groups o f  Lys ine)  + (Number o f  guanid in ium groups of a r g i n i n e )  
The amount o f  aluminum adsorbed by a  ~4  p a r t i c l e  i s  i n  t h e  range o f  
6,210 t o  7,370 atoms o f  aluminum  a able 6 ) .  From a  comparison o f  these 
c a l c u l a t i o n s  and t he  data i n  Table  6, i t  seems q u i t e  p o s s i b l e  f rom a  
c o n s i d e r a t i o n  o f  t h e  head p r o t e i n  o n l y  t h a t  adso rp t i on  o f  aluminum i s  
due t o  t h e ' f o r m a t i o n  of c o o r d i n a t i o n  complexes between aluminum and 
e i t h e r  t he  ca rboxy l  o r  ammonium groups. However, i t  i s  more probable  
t h a t  t h e  ca rboxy l  groups a r e  i nvo l ved  because these groups have been 
p o s t u l a t e d  t o  be respons ib le  f o r  metal  i o n  b i n d i n g  by p r o t e i n s   r rut on 
and Simmonds, 1953; and Stumm and Morgan, 1962). On t h e  bas i s  o f  pH- 
m e t r i c  and v i s c o m e t r i c  observat ions,  ca rboxy l  groups have a l s o  been 
shown t o  be i nvo l ved  i n  b i nd ing  o f  aluminum by casein ,  g e l a t i n ,  e t c .  
(Schulman and Dogan, 1952; Salahuddin and M a l i k ,  1962, 1964; Salahuddin, 
1964; and Ma1 i k  and Muzaf faruddin ,  1965). 
B. V i r u s  I n a c t i v a t i o n  by Aluminum 
I n  o rder  t o  s tudy t h e  c o n d i t i o n  o f  t he  llcomplexedlt v i r uses ,  
i n a c t i v a t i o n  o f  t h e  bacter iophages was s t u d i e d  i n  t h e  presence o f  s o l u b l e  
aluminum. F igures  17 and 18 show t h e  i n a c t i v a t i o n  o f  bacter iophages T4 
and MS2, r espec t i ve l y ,  a t  pH 5.0 i n  t h e  presence o f  s o l u b l e  aluminum. 
I n a c t i v a t i o n  o f  t h e  bacter iophages a t  pH 6.0 and 9.0 was no t  s t u d i e d  be- 
cause i t  was thought  t h a t  t h e  i n a c t i v a t i o n  s t ud ies  a t  pH 5.0 would reveal  
t h e  e n t i r e  p i c t u r e  due t o  t h e  f a c t  t h a t  t h e  k i n e t i c s  and t h e  q u a n t i t y  o f  
adso rp t i on  o f  aluminum by these bacter iophages a r e  i d e n t i c a l  a t  pH va lues 
5.0, 6.0, and 9.0. 
I t  i s  seen t h a t  i n a c t i v a t i o n  r a t e s  o f  bo th  t h e  bacter iophages 
i n  t h e  presence o f  va r i ous  s o l u b l e  aluminum concen t ra t i ons  a r e  t he  same 
as those o f  t h e  c o n t r o l  w i t h o u t  any aluminum. S ince bacter iophage assay 
i nvo l ves  adso rp t i on  o f  bacter iophage on t h e  s u r f a c e  o f  t h e  hos t  bacter ium, 
i t  may be concluded t h a t  d i f f e r e n t  se t s  o f  s i t e s  o r  i o n i c  groups a r e  i n -  
vo l ved  i n  t h e  e l e c t r o s t a t i c  i n t e r a c t i o n  between t h e  bacter iophage and t h e  
hos t  bac te r ium preceding an i n f e c t i o n  and i n  t h e  i n t e r a c t i o n  between alum- 
inum and t he  bacter iophage. Furthermore, complexing o f  aluminum does no t  
i n  any manner i n t e r f e r e  w i t h  t h e  c a p a c i t y  o f  t h e  phage p a r t i c l e  t o  i n f e c t  
i t s  host .  
From the  preceding d i scuss ion  i t  i s  q u i t e  l o g i c a l  t o  assume 
t h a t  v i r u s  p a r t i c l e s  removed f rom a  water  supply  by chemical coagu la t i on  
and f l o c c u l a t i o n  cou ld  remain "v iab le I1  i n  t h e  s e t t l e d  sludge. I n  o r d e r  
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udy t h i s  aspect, a  
c l e s  from t h e  s e t t  
c a l  coagu la t i on  an 
t tempts were made t o  recover t h e  bacter iophage 
l e d  f l o c  f o l l o w i n g  t h e i r  removal from water  by 
d  f l o c c u l a t i o n  ( j a r  t e s t s ) .  Tab le  8  shows t he  
e x t e n t  t o  which bacter iophages T4 and MS2 cou ld  be recovered from t h e  
s e t t l e d  f l o c  by d i f f e r e n t  e l u t a n t s .  Recover ies g rea te r  than 53.75 
percen t  were never obtained. T h i s  i s  presumably due t o  t he  f a c t  t h a t  
t h e  e l u t a n t s  used were no t  a b l e  t o  complete ly  d i s s o c i a t e  t h e  b a c t e r i o -  
phage p a r t i c l e s  f rom the  f l o c  r e s u l t i n g  i n  i n f e c t i o n  o f  a  hos t  b a c t e r i a l  
c e l l  by more than one bacter iophage. 
TABLE 8  
RECOVERY OF BACTERIOPHAGES FROM SETTLED 
.FLOC FOLLOWING CHEMICAL COAGULATION AND FLOCCULATION 
Percent Recove red 
E l  u t a n t  Bacter iophage ~4 Bacter iophage MS2 
28.50 Deion ized Water - 
3% Beef E x t r a c t  52-  27 52.85 
1% Bovine Serum Albumine 53-75 - 
0.1 M T r i s  B u f f e r  ( p ~  8.0) 42.05 - 
0.2 M Phosphate B u f f e r  ( p ~  8.0) 42 95 45-25 
Chang, Isaac, and Baine (1953) were a b l e  t o  recover 60 percent  
o f  t h e  removed v i r u s e s  by red ispensing t he  f l o c c u l a t e d  m i x t u r e  a t  pH 7.6 
w i t h  v i go rous  s t i r r i n g .  I t  i s  ev i den t  f rom these observa t ions  t h a t  d i s -  
posal  o f  water  t reatment  p l a n t  sludges t r e a t i n g  water  c o n t a i n i n g  patho- 
gen ic  v i r u s e s  migh t  c o n s t i t u t e  a  p u b l i c  h e a l t h  hazard. E s p e c i a l l y  i n  
t h e  case o f  land  d isposa l  o f  water  t reatment  p l a n t  sludges, t h i s  m igh t  
c o n s t i t u t e  a  ground water  contaminat ion problem. 
C. V i r u s  Removal by Chemical Coagulat ion and F l o c c u l a t i o n  ( ~ a r  
Tests)  
\ 
(1) Optimum pH and aluminum s u l f a t e  dosages 
I n  t h e  r e s u l t s  o f  t h e  coagu la t i on  and 
f l o c c u l a t i o n  s t u d i e s  ( j a r  t e s t s ) ,  v i r u s  removals a r e  repor ted  as percent  
removals. I t  sh u l d  be noted t h a t  f o r  an i n i t i a l  i n p u t  v i r u s  concen- P t r a t i o n  o f  4 x  10 / m l ,  a  removaJ o f  99 percenf would mean a  reduc t i on  
i n  t h e  v i r u s  f i l t e r  f rom 4  x  10 /m l  t o  4 x  10 /m l  i n  t he  supernatant.  
Corresponding ly  a  removal o f  98 percent  would mean a  reduc t i on  i n  t he  
5 3 v i r u s  t i t e r  f rom 4 x 10 /m l  t o  8 x 10 /ml  and so on. 
F i g u r e  19 shows t h e  removal o f  bac te r iophage  ~4 and c l a y  
t u r b i d i t y  a t  d i f f e r e n t  pH va lues  and coagulant  dosages. I t  i s  i n t e r -  
e s t i n g  t o  no te  t h a t  v i r u s  removal c l o s e l y  p a r a l l e l s  t u r b i d i t y  removal. 
I t  can be seen f rom t h i s  f i g u r e  t h a t  based on bo th  v i r u s  and t u r b i d i t y  
removal, t he  optimum aluminum s u l f a t e  d sa e and pH fob bacter iophage 
-4 g 
~4 removal was 40 t o  50 mg/l (1.2 x 10 M t o  1.5 x 10- M as aluminum) 
and t h e  lowest  pH s tud ied  (5.24). The h i g h e s t  removal ob ta i ned  was 
98 percen t .  A l l  subsequent exper iments w i t h  bacter iophage T4 were 
performed a t  pH va lues  ranging from 5.2 t o  5.3 w i t h  50 mg/l o f  alum- 
inum s u l f a t e .  
Removal o f  bacter iophage MS2 i s  shown i n  F i g u r e  20. The-4 
optimum alumqnum s u l f a t e  dosage and pH was 40 t o  50 mg/l (1.2 x 10 M 
t o  1.5 x 10- M as aluminum) a t  pH 6.0. Removal was 99.9 percen t .  
T u r b i d i t y  removal curves f o r  MS2 were s i m i l a r  t o  those shown i n  F i g u r e  
19. Removals h i ghe r  than  99.3 percent  were never ob ta i ned  a t  pH 5.10 
even w i t h  h i ghe r  aluminum s u l f a t e  dosage. However, a l l  subsequent ex- 
per iments  w i t h  bacter iophage MS2 were performed a t  pH 6.0 w i t h  50 mg/l 
o f  aluminum s u l f a t e .  
(2) E f f e c t  o f  ca l c i um  and magnesium on v i r u s  removal 
Chang e t  a1 . (1958b) b e l i e v e d  t h a t  t h e  presence o f  
ca l c i um  and magnesium ions  i n  raw wate r  i n t e r f e r e d  w i t h  v i r u s  removal 
by reduc ing  t h e  r a t e  o f  coagu lan t - ca t i on  b a c t e r i a l - v i r u s  complex f o r -  
mat ion.  Experiments were performed t o  i n v e s t i g a t e  t h i s  phenomenon i n  
f u r t h e r  d e t a i l .  F i g u r e  21 shows t h e  k i n e t i c s  o f  adso rp t i on  o f  aluminum 
by bacter iophage T4 a t  pH va lues  5.0 and 9.0 i n  t h e  presence o f  50 mg/l 
o f  each o f  t h e  c a t i o n s  ca lc ium and magnesium. E f f e c t  o f  these two c a t -  
i ons  on t he  removal o f  bacter iophage ~4 by coagu la t i on  and f l o c c u l a t i o n  
( j a r  t e s t s )  i s  shown i n  Tab le  9. I t  was no t  p o s s i b l e  t o  conduct j a r  
t e s t s  a t  pH 9.0 due t o  t h e  l i m i t a t i o n  o f  t h e  ca rbon ic  ac id -b ica rbona te  
b u f f e r  system, t h e  upper l i m i t  o f  pH f o r  t h i s  system be ing  8.3. 
TABLE 9 
REMOVAL OF BACTERIOPHAGE ~4 I N  THE 
PRESENCE OF CALCIUM AND MAGNESIUM 
5 Average I n p u t  V i r us  Concent ra t ions:  4.05 x 10 / m l  ; pH range: 5.1-5.4 
Aluminum S u l f a t e :  50 mg/ l ;  Average T u r b i d i t y :  12.5 JTU 
Calcium Magnesium Percent Removal 
ALUM1 NUM SULFATE DOSE ( m g / l )  
FIGURE 19. REMOVAL O F  BACTERIOPHAGE ~4 AND CLAY T U R B l  D l T Y  BY 
COAGULATION AND FLOCCULATION,  
5 Average I n p u t  V i r u s  Conc: 3 . 9  x 10 / m l  
r 
ALUMI NlJM SULFATE DOSE (mg/ 1 )  
FIGURE 2 0 .  REMOVAL OF BACTERIOPHAGE MS2 BY COAGULATION AND 
FLOCCULATI ON. 
A v a i  l a b l e  A l u m i n u m :  39 bg / l  
1 0  A v e r a g e  V i r u s  C o n c :  2 . 5  x 1 0  / m l  
0 - N o  C a  a n d  Mg I .A -50 m g / l  C a  a n d  M g  
T I M E  I N  M I N U T E S  
F IGURE 2 1  . K I N E T I C S  O F  ADSORPTION O F  ALUMINUM BY BACTERIOPHAGE 
T 4  I N  THE PRESENCE O F  CALCIUM AND MAGNESIUM. 
I t  i s  ev i den t  t h a t  presence o f  ca lc ium and magnesium i ons  up 
t o  a  c o n c e n t r a t i o n  o f  50 mg/l does n o t  i n t e r f e r e  e i t h e r  w i t h  k i n e t i c s  
o f  adso rp t i on  o f  aluminum o r  w i t h  removal o f  bacter iophage T4 by coag- 
u l a t i o n  and f l o c c u l a t i o n  The f a c t  t h a t  presence o f  b i v a l e n t  c a t i o n s  
l i k e  ca lc ium and magnesium does no t  change t h e  k i n e t i c s  and s t o i c h i o -  
metry  o f  aluminum v i r u s  i n t e r a c t i o n  i s  f u r t h e r  evidence f o r  t h e  forma- 
t i o n  of c o o r d i n a t i o n  complexes between aluminum and v i r u s  coa t  p r o t e i n .  
(3)  E f f ec t  o f  o rgan i c  m a t t e r  on v i r u s  removal 
I t  i s  l o g i c a l  t o  assume t h a t  t h e  presence o f  e x t r a -  
neous o rgan i c  m a t t e r  o f  pro te inaceous cha rac te r  w i l l  i n t e r f e r e  w i t h  
v i r u s  removal by coagu la t i on  and f l o c c u l a t i o n .  Th i s  may occur  because 
o f  t h e  compe t i t i ve  a c t i o n  o f  t he  o rgan i c  m a t t e r  i n  ques t i on  w i t h  t h e  
v i r u s  p a r t i c l e s  i n  t he  coagu la t i on  and f l o c c u l a t i o n  r e a c t i o n .  To s tudy 
t h i s  e f f e c t ,  v i r u s  removal i n  t he  presence o f  a lbumin, wastewater and 
wastewater e f f l u e n t  was s tud ied .  Table  10 shows t he  removal o f  b a c t e r i -  
ophage ~4 i n  t h e  presence o f  egg albumin, bov ine  serum a l  bumin, s e t t l e d  
wastewater and wastewater e f f l u e n t .  Removal o f  bacter iophage MS2 i n  t h e  
p resence 'o f  s e t t l e d  wastewater and wastewater e f f l u e n t  i s  shown i n  
Tab le  1 1 .  
I t  i s  seen t h a t  egg albumin, bov ine serum a lbumin and s e t t l e d  
wastewater i n t e r f e r e d  w i t h  bacter iophage T4 removal i n  t h e  pH range 
5.1-5.4 (Table  10).  The albumins a l s o  i n t e r f e r e d  w i t h  t h e  f l o c c u l a t i o n  
process as evidenced by lower t u r b i d i t y  removals. The e f f e c t  o f  waste- 
wa te r  e f f l u e n t  was no t  ve ry  much pronounced e i t h e r  on t u r b i d i t y  removal 
o r  on t h e  removal o f  bacter iophage ~4  i n  t h e  pH range 5.1  t o  5.4. How- 
ever ,  cons iderab ly  lower removals were ob ta ined  f o r  t u r b i d i t y  and bac- 
te r iophage  MS2 i n  t he  range 5.9-6.1 i n  t h e  presence o f  s e t t l e d  waste- 
wa te r  o r  wastewater e f f l u e n t  (Table  11) .  These observa t ions  i n d i c a t e  
t h a t  t he  process of coagu la t i on  and f l o c c u l a t i o n  may no t  be expected 
t o  opera te  w i t h  h i g h  e f f i c i e n c y  i f  t he  raw water  con ta i ns  o rgan i c  ma t t e r  
(4 )  E f f e c t  o f  preformed f l o c  on v i r u s  removal 
A t  t h i s  s tage i t  i s  c l e a r  f rom the  d iscuss ions  i n  
t he  p reced ing  sec t i ons  t h a t  t he  na tu re  o f  t he  i n t e r a c t i o n  between alum- 
inum and v i r u s  i s  most probably  t h a t  o f  a  c o o r d i n a t i o n  complex fo rmat ion .  
Consequently i t  f o l l o w s  t h a t  i n t i m a t e  con tac t  between t h e  v i r u s  p a r t i c l e s  
and t h e  s o l u b l e  aluminum spec ies i s  necessary be fo re  t he  f o rma t i on  o f  any 
hydrated aluminum ox ide  p r e c i p i t a t e  i n  a  coagu la t i on  and f l o c c u l a t i o n  sys- 
tem. Exper iments were performed t o  study t h i s  aspect by adding t h e  v i r u s  
s t ock  suspension t o  t he  water  a t  va r i ous  t imes a f t e r  t h e  a d d i t i o n  o f  
aluminum s u l f a t e .  Table 12 shows the  r e s u l t s  o f  t h i s  s tudy.  
I t  can be seen t h a t  preformed f l o c  was no t  ve r y  e f f e c t i v e  i n  
removing bacter iophage ~4  from the  water .  S i m i l a r  observa t ions  a1 so 
have been repo r t ed  i n  t he  l i t e r a t u r e  (Chang, Isaac,  and Baine, 1953). 
These observa t ions  demonstrate t h a t  i n t i m a t e  con tac t  between t h e  v i r u s  
p a r t i c l e s  and aluminum i s  necessary be fo re  t h e i r  i n c o r p o r a t i o n  i n t o  t he  
f l o c  masses o f  hydrated aluminum ox ide  p r e c i p i t a t e s  and subsequent 
TABLE 10 
REMOVAL OF BACTERIOPHAGE T4 BY COAGULATION 
AND FLOCCULATION I N  THE PRESENCE OF ORGANIC MATTER 
5 Average I n p u t  V i r u s  Concent ra t ion:  3.58 x 10 / m l  ; pH range: 5.1-5.4 
.?A 
Aluminum Su l f a te :  50 mg/ l ;  Average T u r b i d i t y :  12.5 JTU" 
Percent Remova 1 








S e t t  1 ed ~ a s t e w a t e r " "  0 m l / l  
200 m l / l  
-!.I. 
Wastewater ~f f 1 uent""  0 m l / l  
200 m l / l  
-@- 
" ~ n i t i a l  t u r b i d i t y  va lues  ranged from 18 t o  32 JTU when s e t t l e d  wastewater 
was added. 
J-.L 
,, 8 ,  C h a r a c t e r i s t i c s :  
Raw Wastewater Wastewater E f f l u e n t  
5-day BOD (mg/ l )  445 2 1 
T o t a l  Suspended So l i ds  (mg/ l )  210 3 7 
V o l a t i l e  Suspended Sol i d s  (mg/l ) 194 1 1  
TABLE 1 1  
REMOVAL OF BACTERIOPHAGE MS2 BY COAGULATION AND 
FLOCCULATION I N  THE PRESENCE OF WASTEWATER AND WASTEWATER EFFLUENT 
5 Average I n p u t  V i r u s  C o n c e n t r a t i o n :  3.87 x 10 / m l  ; pH range: 5.9-6.1 
A1 uminum S u l f a t e :  50 mg/l  ; Average T u r b i d i t y :  12.5 JTU" 
Percen t  Remova 1 
Bac te r iophage  MS2 T u r b i d i t y  
No S e t t l e d  Wastewater o r  Wastewater 
E f  f 1 u e n t  
J.J. 
200 m l / l  S e t t l e d  ~ a s t e w a t e r " "  89.60 92.10 
-L-,- 
200 m l / l  Wastewater  ~ f f l u e n t ' " '  94.00 93.60 
I n i t i a l  t u r b i d i t y  was 19.0 JTU when s e t t l e d  wastewater  was added. 
J - T -  ,. ,. 
C h a r a c t e r i s t i c s :  
Raw Wastewater Wastewater E f f l u e n t  
5-day BOD (mg/ l )  181 
T o t a l  Suspended Sol  i d s  (mg/l ) 253 
Vo l  a t  i l e  Suspended Sol  i d s  (mg/ l )  178 
TABLE 12 
REMOVAL OF BACTERIOPHAGE T4 BY PREFORMED FLOCS 
5 Average I n p u t  V i r u s  Concent ra t ion:  4.0 x 10 / m l ;  pH range: 5.1-5.4 
Aluminum S u l f a t e :  50 mg/l ; Average T u r b i d i t y :  12.5 JTU 
Bacter iophage T4 
added (minutes 
a f t e r  aluminum Percent Removal 
s u l f a t e  a d d i t i o n  Bacter iophage T4 T u r b i d i t y  Rema r ks 
98.04 99.17 Con t ro l  
97.0 Preformed f l o c  no t  i n  
s i t u .  ~ a c t e r i o ~ h a ~ e '  
T4 added one min a f t e r  
a d d i t i o n  o f  preformed 
f l oc .  
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TABLE 13 
INACTIVATION OF BACTERIOPHAGES T4 AND MS2 
I N  THE PRESENCE OF POLYELECTROLYTES (COAGULANT AIDS) 
5 Average I n p u t  V i r u s  Concent ra t ion:  3.44 x 10 / m l  
Concent r a t  i o n  Percent 
P o l y e l e c t r o l y t e  mg / 1 P H Bacter iophage I n a c t i v a t i o n  
P r i m a f l o c  C - 7  0.5-1.5 5.2 
0 5 6.0 
C a t f  l o c  




Coagulant A i d  #243 1.0-5.0 5.2 ~4 None 
1 . O  6.  0 MS2 None 
-PI 
" ~ v e r a ~ e  v a l u e  f o r  t h e  concent r a t i o n  range o f  p o l  y e l e c t  r o l  y t e  
TABLE 16 
REMOVAL OF BACTERIOPHAGE ~4 BY COAGULATION AND FLOCCULATION 
WITH CATIONIC POLYELECTROLYTES AS PRIME COAGULANTS 
5 Average I n p u t  V i r u s  Concen t ra t i on :  4.98 x 10 /ml 
pH range: 5.2-5.5; Average T u r b i d i t y :  12.5 JTU 
C a t  i o n i c  C o n c e n t r a t i o n  Percent  Rernova 1 
P o l y e l e c t r o l y t e  mg/ l  Bac te r iophage  ~4 T u r b i d i t y  
P r ima f  l o c  C - 7  
C a t f  l o c  
TABLE 17 
REMOVAL OF BACTERIOPHAGE MS2 BY COAGULATION AND FLOCCULATION 
WITH CATIONIC POLYELECTROLYTES AS PRIME COAGULANTS 
5 Average I n p u t  V i r u s  Concent ra t ion:  2.8 x 10 / m l  
pH range: 5.8-5.9; Average T u r b i d i t y :  12.5 JTU 
Cat i o n i c  Concent r a t  i o n  Percent Remova 1 
Pol y e l e c t r o l  y t e  mg/l Bacter iophage MS2 T u r b i d i t y  
P r ima f l oc  C - 7  
Ca t f  1 oc 
TABLE 17 
REMOVAL OF BACTERIOPHAGE MS2 BY COAGULATION AND FLOCCULATION 
WITH CATIONIC POLYELECTROLYTES AS PRIME COAGULANTS 
5 Average I n p u t  V i r u s  Concen t ra t i on :  . 2.8 x 10 /ml 
pH range: 5.8-5.9; Average T u r b i d i t y :  12.5 J'TU 
Cat i o n i c  Concent r a t  i o n  Percen t  Remova 1 
Pol  y e l e c t r o l  y t e  mg/l  Bac te r iophage  MS2 T u r b i d i t y  
P r i m a f l o c  C - 7  
C a t f  1 oc 
TABLE 18 
REMOVAL OF BACTERIOPHAGE T4 BY COAGULATION AND FLOCCULATION 
WITH ALUMINUM SULFATE AND ANIONIC POLYELECTROLYTES AS COAGULANT AIDS 
5 Average I n p u t  V i r u s  Concent ra t ion:  2.78 x 10 /m l  ; pH range: 5.0-5.4 
Aluminum S u l f a t e :  50 mg/ l ;  Average Turb id i t y : ,  12.5 JTU 
An ion i c  Concent r a t  i o n  Percent Removal 
P o l y e l e c t  r o l y t e  mg/ 1 Bacter iophage ~4 T u r b i d i t y  
P r ima f l oc  A-10 
0.0 
1 .o 




REMOVAL OF BACTERIOPHAGE MS2 BY COAGULATION AND FLOCCULATION 
WITH ALUMINUM SULFATE AND A N I O N I C  POLYELECTROLYTES AS COAGULANT A I D S  
5 Average I n p u t  V i r u s  Concent ra t ion:  2.76 x 10 / m l ;  pH range: 5.9-6.0 
Aluminum Su l fa te :  50 mg/l ; Average T u r b i d i t y :  12.5 JTU 
An ion i c  Concen t ra t ion  Percent Remova 1 
P o l y e l e c t r o l y t e  mg/ 1 Bacter iophage MS2 T u r b i d i t y  
P r ima f l oc  A-10 








D. Qualitative Description of Virus Removal by Chemical Coagulation 
and Flocculation 
For purposes of attaining a better understanding of the 
removal of viruses from water by chemical coagulation and flocculation, 
it seems appropriate to present a qua1 itative description of the process. 
On the basis of the results obtained in this study and the information 
available in the literature, it is possible to visualize the entire 
process. 
In a natural surface water, depending on the concentrations 
of cations like sodium and calcium, a certain fraction of the virus par- 
ticles present remain reversibly adsorbed to the clay particles consti- 
tuting turbidity due to the formation of a clay-cation-virus bridge 
(Carlson -- et al., 1968). The other fraction may be assumed to be free. 
Addition of a coagulant like aluminum sulfate to this water immediately 
results in the formation of certain hydrolyzed polymeric multivalent 
aluminum species depending on the pH of the water 
 l lack and Chen, 1967). 
Interaction between aluminum species and viruses, other organic matter, 
and clay'particles proceeds immediately. The interaction between alum- 
inum and viruses and other organic matter is a very rapid one and pre- 
sumably results in the formation of coordination complexes. On the 
other hand, the interaction between aluminum and the clay particles 
constituting turbidity results in adsorption of polynuclear aluminum 
hydrolysis species to the clay particles and consequent aggregation of 
the destabilized particles by interparticle bridging involving particle 
transport and chemical interaction (Stumm and OIMelia, 1968). Further- 
more, precipitation of hydrated aluminum oxide species proceeds simul- 
taneously, incorporating the complexed virus particles and the aggre- 
gating clay particles which then grow into uflocs~~ and ultimately settle 
down resulting in a clear supernatant. Presence of organic matter in 
the water can have considerable effect on the overall efficiency of the 
process by interfering with virus removal. This may occur because of 
the competetive action of the organic matter with the virus particles 
in the coagulation and flocculation reaction. 
6. SUMMARY AND CONCLUSIONS 
It has been shown that removal of bacteriophages T4 and MS2 
from water by chemical coagulation and flocculation with aluminum sul- 
fate consists of a primary reaction step which involves interaction be- 
tween aluminum and virus coat protein. The reaction was found to be 
instantaneous and proceeded according to a definite stoichi~metry. The 
kinetics and the stoichiometry of the reaction were not affected by the 
pH, period and condition of storage of the virus particles, the quan- 
tity of available aluminum or the presence of bivalent cations like 
calcium and magne'sium as studied in this investigation. 
Aluminum adsorption data were found to fit Langmuir adsorp- 
tion equation. Amounts of aluminum adsorbed by a single virus particle 
at pH values 5.0, 6.0, and 9.0 were calculated and found to be comparable. 
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"It is important to reemphasize that coagulation phenomena 
in natural systems are quite specific. This specificity 
arises from the fact that colloid stability is affected by 
colloid-solvent, coagulant-solvent, and colloid-coagulant 
interactions . . . Overemphasis on electrostatic phenomena 
in studies of coagulation in natural systems can produce 
results that are inefficient, uneconomical, or both." 
7. ENGINEERING SIGNIFICANCE 
The most significant result of this study is that a more com- 
plete understanding of the removal of viruses from water by chemical 
coagulation and flocculation has been attained. This is very pertinent 
in view of the more stringent water quality standards which are fore- 
seen in the near future. Considering the rapid population growth and 
accompanying urbanization, there is going to be a greater demand for 
water for public consumption and other uses whichsin turn, will require 
more water reuse. Thus, the removal of viruses from water supplies be- 
comes extremely important. A good understanding of the basic mechanisms 
involved'in the removal of viruses from water by chemical coagulation 
and flocculation and the role of various other parameters affecting the 
process should aid in developing design standards for water treatment 
facilities. It will enable such standards to be developed on a sound, 
realistic and rational basis. 
From the experimental results it is possible to extrapolate 
'some generalizations which are of practical significance. The foremost 
among the generalizations is the interpretation of T4 and MS2 removal 
data in terms of viruses which may be more significant in water supplies, 
viz., human enteric viruses. Confirmation of T4 removal data by MS2 
which is very similar to picornaviruses (enteroviruses of man and other 
animals) in shape, size and the nucleic acid contained, shows that the 
process of chemical coagulation and flocculation may be quite effective 
in removing enteroviruses from water. From the results of jar tests 
using polyelectrolytes it is apparent that intelligent use of commer- 
cially available cationic polyelectrolytes with or without hydrolyzed 
metal ions may markedly increase the efficiency of the process. How- 
ever, from economic considerations, the use of the cationic polyelectro- 
lytes as coagulant aids with hydrolyzed metal ions seem more favorable. 
Based on today's market, polyelectrolytes are rather expensive. 
From the results of virus inactivation studies and virus re- 
covery from settled floc it is possible to extrapolate some useful in- 
formation. The observation that viruses are not inactivated as a result 
of the complex formation and remain viable in the settled sludge immedi- 
ately leads to the potential hazard for ground water contamination during 
land disposal of sludges from water treatment plants treating water con- 
taminated with pathogenic viruses. However, more information should be 
gained in this area such as the fate, including the survival, of the 
viable viruses in sludge during land disposal before any definite con- 
clusion can be reached. 
On t h e  bas is  o f  t h e  f i n d i n g s  o f  Chang, I saac  and Baine (1953) 
t h a t  approx imate ly  20 min  would be r e q u i r e d  f o r  t h e  complet ion o f  t h e  
f i r s t - s t a g e  r e a c t i o n  (aluminum-virus complex f o rma t i on )  i t  may be specu- 
l a t e d  t h a t  t h e  incrementa l  a d d i t i o n  o f  t h e  coagulant  may be advantageous 
i n  o p t i m i z i n g  t he  process f o r  v i r u s  removal. I n  such a  process t h e  p ro -  
cedure m igh t  be t o  f i r s t  add aluminum s u l f a t e  t o  t he  raw wate r  i n  an 
amount equ i va l en t  t o  o r  l ess  than i t s  s o l u b i l i t y ,  t a k i n g  i n t o  account 
t h e  pH o f  t h e  system; second, p rov i de  s u f f i c i e n t  con tac t  t ime  (20 min) 
f o r  t h e  f o rma t i on  o f  t he  aluminum-virus complex; and, t h i r d ,  add s u f f i -  
c i e n t  aluminum s u l f a t e  t o  b r i n g  t he  t o t a l  amount added up t o  t h e  prede- 
termined optimum dosage f o r  coagu la t i on  and f l o c c u l a t i o n .  Fo l l ow ing  t h e  
second a d d i t i o n  o f  coagulant ,  t he  usual  p e r i o d  o f  f l o c c u l a t i o n  and sed i -  
menta t ion  would be inc luded.  However, t h e  f i n d i n g s  o f  t h e  c u r r e n t  s tudy 
t h a t  t h e  i n t e r a c t i o n  between t h e  aluminum and t h e  v i r u s  i s  ins tantaneous 
immediately r u l e s  ou t  such a  specu la t ion .  
The obse rva t i on  t h a t  t h e  presence o f  o rgan i c  ma t t e r  i n t e r f e r e s  
w i t h  v i r u s  removal by coagu la t i on  and f l o c c u l a t i o n  leads t o  another  gen- 
e r a l i z a t i o n .  For v i r u s  removal, t h e  process may be more r e l i a b l e  as 
p r a c t i c e d  a t  a  water t reatment  p l a n t  than a t  a  wastewater renova t ion  
p l a n t  because o f  t h e  presence o f  h igher  concen t ra t i on  o f  o rgan i c  ma t t e r  
i n  a  wastewater e f f l u e n t .  
The f i n d i n g s  o f  t h i s  s tudy i n d i c a t e  t h a t  v i r u s  removal by coag- 
u l a t i o n  and f l o c c u l a t i o n  p a r a l l e l  t u r b i d i t y  removal. Robeck, C la rke  and 
Dosta l  (1962) observed t h a t  e f f e c t i v e  coagu la t i on  and f l o c c u l a t i o n  was an 
' e s s e n t i a l  p r e r e q u i s i t e  f o r  e f f e c t i v e  v i r u s  removal by r a p i d  sand f i 1 t r a -  
t i o n .  They a l s o  observed t h a t  any breakthrough i n  t u r b i d i t y  through t he  
f i l t e r  was accompanied by a  breakthrough i n  v i r u s .  Consequently, i t  may 
be suggested t h a t  i n  a  water  t reatment  p l a n t  ca re  should  be taken t o  p ro -  
duce a  h i g h  q u a l i t y  e f f l u e n t  i n  terms o f  t u r b i d i t y .  Any breakthrough i n  
t u r b i d i t y  should  serve as a  warning t o  t h e  ope ra to r .  T h i s  i s  p a r t i c u -  
l a r l y  impor tan t  d u r i n g  heavy p o l l u t i o n  o f  t h e  raw water  and may become 
more c r i t i c a l  when marg ina l  c h l o r i n a t i o n  i s  p r a c t i c e d .  
F i n a l l y ,  t he  r e s u l t s  o f  t h i s  s tudy suggest t h a t  t h e  process o f  
chemical coagu la t i on  and f l o c c u l a t i o n  as i t  i s  p r a c t i c e d  today can be 
q u i t e  e f f e c t i v e  i n  removing pathogenic  v i r u s e s  f rom water  i f  proper  ca re  
i s  taken t o  c o n t r o l  pH and o t h e r  parameters which a f f e c t  t he  process. 
I t  should be noted t h a t  pH was no t  found t o  be an impor tan t  v a r i a b l e  w i t h  
respect  t o  t h e  f o rma t i on  o f  t h e  aluminum-virus complex; however, such i s  
not  t h e  case when b o t h  coagu la t i on  and f l o c c u l a t i o n  a r e  cons idered.  
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